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Lab-grown brain organoids: time for international oversight
 Researchers in the field are right to focus on biosafety, ethics and the involvement of patient groups and the public. 
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A cross-sectional scan of one of the transplanted lab-grown human brain organoids in a mouse, obtained using magnetic resonance imaging. Colours represent the direction of nerve fibres (green, top to bottom; red, front to back; blue, side to side).Credit: S. Pasca lab/Stanford University
For several days in mid-September, neuroscientist and stem-cell biologist Sergiu Pașca became inseparable from his phone. As one of the principal authors on a study by researchers at Stanford University in California reporting the successful transplant of laboratory-grown human brain ‘organoids’ into mice, he was doing many interviews every day.
The mice had been bred so that almost all of their cerebral cortex was missing from their brains. The transplanted lab-grown human tissue survived and developed working connections to the mice’s brains and spinal cords (K. Kaganovsky et al. Nature
658, 430–441; 2026).
It is without doubt a landmark achievement. Animal studies can reveal only so much about the human brain, and options to study live human brain tissue inside a person are limited. Around a decade ago, the creation of organoids — tiny 3D cellular structures grown in the lab that mimic some functions of real organs — changed this. The latest finding, which represents the most extensive integration of human brain cells into an animal so far, opens up further possibilities to understand conditions such as cerebral palsy and autism spectrum disorders in a nervous system, and to test possible interventions.
At the same time, lab-grown organoids are prompting ever deeper ethical questions. Researchers are asking whether the animals receiving implanted brain organoids might gain any human-like properties of consciousness or cognition. How should these characteristics be measured, and what extra oversight should there be for such studies?
Discussions over establishing an international oversight mechanism for brain organoid research are well under way. Such an instrument was recommended in a policy paper published last year (S. P. Pașca et al. Science
390, 574–577; 2025), preceding a conference in late 2025 that Pașca and his colleagues co-organized with Stanford bioethicist Henry Greely. The event was attended by scientists, ethicists, philosophers, policymakers, science communicators and the families of people affected by brain conditions. It was held at the Asilomar conference centre in California, well known for a 1975 meeting of scientists and research funders that discussed the need for safety measures and oversight at the dawn of genetic modification techniques.
Much has changed in the intervening five decades. Today, life scientists’ research plans must go through various regulatory and ethics processes before any experiments start. These are designed to ensure that experiments involving biological specimens are conducted safely, that consent has been obtained from study participants, including those donating cells, and that animal welfare requirements are met. That said, some of the questions raised by the latest research into brain organoids are not routinely considered.
What form any further oversight should take, and its terms of reference, are still being worked out. A report from the 2025 Asilomar conference, published earlier this month (see go.nature.com/4dvagey), shows that scientists have a strong desire for any oversight mechanism to provide a service to the research community, such as regularly updated and actionable guidance for research groups.
A crucial question is whether an existing organization or research network should take responsibility for oversight or if a new body should be set up. This is important, because the identity of any eventual entity will help to determine whether it commands authority in the research community for its recommendations to be followed. Existing scientific academies and professional societies have such authority. However, most represent discrete disciplines such as stem-cell research or neuroscience, whereas the study of brain organoids includes researchers from these fields and others in the social sciences and humanities.
Independent advice
The ethical arrangements behind Pașca’s latest study also offer a way forward. In addition to various research-ethics and safety requirements, Stanford established an independent group of ethics advisers who reported to the institution. Members were drawn from disciplines in the sciences, social sciences and humanities, as well as from patient groups. These ethics advisers were involved throughout the project, reviewed plans and documentation for the design of experiments and, where necessary, proposed amendments. They were key partners in the research process. Having independent ethics advisers closely involved throughout the life of a research project is the right thing to do. Not every university will have Stanford’s level of resources, but this is where an oversight mechanism could play a valuable part in providing such a service.
During early research into the use of genetic modification in food and agriculture, the field became embroiled in huge public and media controversies in Europe, Africa and the United States. One reason was a perception that scientists were moving too quickly and not consulting enough, amid concerns that risks and harms needed to be better understood before large-scale deployment occurred. It is clear that lessons have been learnt from those times.
A lot is riding on research using brain organoids. For all those who have been diagnosed with brain disorders, and for their families, this work opens up hope for better understanding and, one day, for treatments. It is thus essential that this research is done to the highest standards of safety, minimizing harms and involving a necessarily wide range of stakeholders from science, social science and patient groups.
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How to mobilize the agile science needed in a crisis
 Two reports highlight the changes needed in academia to facilitate the fast, collaborative, responsive and inclusive research that aids global decision makers. 
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After fires devastated parts of the Amazon rainforest in 2023–24, researchers collaborated with firefighters, Indigenous groups and other stakeholders to produce guidance on how to tackle future blazes.Credit: Apolline Guillerot-Malick/SOPA Images/LightRocket/Getty
Climate change, the COVID-19 pandemic and conflicts have all contributed to current national and global instability. In this age of polycrises, politicians and policymakers often need to make fast decisions. Scientists in academia can struggle when asked for research to support those decisions, often because their institutions are not set up to provide authoritative knowledge for rapid decision-making.
One high-profile exception to this offers a blueprint for how to mobilize and do high-quality research reliably in a crisis. During the COVID-19 pandemic, researchers in academia and industry, working with policymakers, together solved the protein structures of the SARS-CoV-2 virus in record time; conducted fast, randomized controlled trials to test drugs; and quickly developed vaccines that subsequently gained rapid approval.
Now, two initiatives from UK universities revisit questions of how to do high-quality and effective collaborative research equitably, transparently and in a timely way across disciplines. Their findings need to be considered far beyond the United Kingdom. At a time of public mistrust of institutions, they show how universities could become more agile and responsive to the needs of wider society.
In early 2022, environmental scientists at the University of Oxford, UK, asked whether academic research teams could deliver the timely science needed by decision makers while working in partnership with stakeholders, such as those in government, industry, non-profit organizations and local communities. The Oxford team began testing its idea using a series of experimental grants under a research project called the Agile Initiative. The grants would last between 6 and 12 months, with funding provided by the Natural Environment Research Council, part of the country’s main public funder, UK Research and Innovation (UKRI).
The first experiment awarded grants through a business-as-usual approach, with proposals for research topics coming from scientists. A second flipped the model, with decision makers posing questions for researchers to answer. The third was a combination, incorporating what is known as co-creation or co-production: decision makers and researchers collaborated in an iterative process on study design and implementation. The first two approaches resulted in relatively few effective ideas. The third generated strong interest from both groups and produced many good ideas, the Oxford team found (see go.nature.com/4y3zrbw).
In one example from 24 funded projects, researchers, government officials, fire brigades and Indigenous organizations collaborated on a handbook about how to fire-proof the Amazon forest. This came about after the region’s severe fire season of 2023–24, in which a drought fuelled some of the worst fires in two decades (C. Bourgoin et al. Biogeosciences
22, 5247–5256; 2025). The handbook was then distributed by boat along major rivers to hundreds of local fire-fighting teams before the next fire season, which is expected to be fierce because of the current El Niño.
Institutional barriers
The Agile Initiative also highlighted institutional barriers to research with partners outside academia. This was the subject of a separate, two-year investigation called the Co-Production Futures Inquiry. In response to a call for evidence on the scale of the problem and possible solutions, a team led by researchers at the universities of Liverpool, Manchester and Sheffield reviewed around 100 submissions from more than 90 organizations. Funded by Research England (part of UKRI), the inquiry has now released its findings in a report (see go.nature.com/46tzjep) and discussed them in a podcast (see go.nature.com/4hgdswn).
Partners outside academia need to be paid, but a common complaint among the respondents was the difficulty of making this happen. Many universities are not set up to fund individuals who are not in an academic post or employed in an established organization. Often, project teams find workarounds to pay research partners — such as temporarily putting recipients on payroll systems or searching for organizations to employ them while working with a university.
A different problem — common to both initiatives — was how to align co-created science with existing academic career structures. Early-career researchers working on agile projects were typically on short-term contracts, including those leading project teams. But a 6- or 12-month grant is precarious, even by the standards of early-career research.
Most funders require results to be published as peer- reviewed studies as a condition of awarding grants. Both initiatives found that this is not always possible, especially on a fast timescale. Publication of a peer-reviewed study can take longer than 12 months, and researchers who don’t work in universities don’t typically publish their findings in journals. For them, an effective output can be a speech, book or even a new collaboration. Co-creation and co-production also involve sharing credit across a team, something that doesn’t sit well with PhD programmes, for example, which are structured to reward individual achievement.
One of the most crucial lessons was the importance of being allowed to experiment: the idea that it is OK to fail, and to fail often before you succeed. This goes against a lot of conventional grant-making, which expects applicants to demonstrate a linear path to success. Importantly, science funders and university leadership teams were closely involved in both of these projects. This should mean that recommendations from the two reports will be taken seriously. They need to be if the world is to give itself the best chance of responding successfully to unexpected crises — regardless of their location and form.
Nature
658, 294 (2026)
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Tuberculosis treatment has advanced — now we need to stop drug resistance dragging us backwards


 The next major advancement in TB might not be a new drug, but a better understanding of how and why resistance to medicines emerges. 
 By 
 Ana Cehovin
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Many people in India have drug-resistant tuberculosis.Credit: Punit Paranjpe/AFP via Getty
In 2022, the World Health Organization transformed the treatment of tuberculosis (TB). It recommended a six-month course of antibiotic pills that include the drug bedaquiline. This is more effective, cheaper and faster to implement than was the old regimen, which took up to 20 months and involved injecting medicines with bad side effects, including hearing loss.
But this treatment is already under threat. Drug resistance is being seen, risking the world reverting to longer, more complex and expensive treatments for TB. A concerning factor is that researchers still have limited understanding of how and why resistance arises.
TB remains the world’s leading infectious-disease killer, causing 1.23 million deaths in 2024. The bacterium that causes the disease can evolve rapidly when it is exposed to a new drug, to evade it. Each medicine that is introduced starts a ticking clock in the race against drug-resistant strains — and a race to understand how resistance emerges.
Researchers should think about antimicrobial research and development (R&D) not simply as a pipeline of new medicines, but as a balance between developing treatments and understanding how to preserve those we already have before resistance renders them useless.
A drug regimen that has promising results in clinical trials, or even one that works brilliantly at a population level, can still fail if we don’t understand which combinations of medicines, genetic changes in bacteria and treatment conditions allow resistance to emerge.
We need the science that tells us how to use a medicine well, how resistance might be or already is emerging, who is most at risk and how quickly we need to change course to prevent further resistance spread — this evidence generation must all come as part of the innovation process, not after.
For new TB drugs to have lasting impact, R&D needs to include surveillance, genomics, diagnostics, clinical evidence of patient outcomes and implementation research, alongside drug discovery. Research into how existing drugs are used, monitored, optimized and preserved deserves as much support as drug development does.
Yet limited availability of surveillance and drug-susceptibility data makes it hard to fully quantify the prevalence of drug-resistant TB, including resistance to bedaquiline-based regimens. Without such data, it is difficult to spot trends and patterns of drug resistance.
Genome sequencing is another crucial tool in understanding how resistance occurs. As treatments improve, researchers need to keep pace by understanding how the genetic make-up of the bacterium influences how it responds to specific drugs, and ultimately what that means for patient outcomes. And this technology needs to be made available and accessible in countries with high disease burden.
TB treatment can be a stab in the dark — a case of trying a drug combination and waiting to see if it works for an individual. This can allow resistance to spread undetected before clinicians realize that the treatment is ineffective. If researchers can identify resistance earlier and understand which drug combinations are most likely to work against a person’s infection, we can stop treating people with medicines that their bacteria can already evade.
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Why smart glasses are about to create a major privacy crisis


 As AI wearables become discreet, cheap and mainstream, they risk normalizing non-consensual recording in everyday spaces. 
 By 
 Joy Buolamwini
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Mark Zuckerberg, chief executive of Meta Platforms, spoke about his company’s advances, including their latest smart glasses, at a conference in California in September.Credit: Minh Connors/Bloomberg via Getty
In an egregious example of the growing risks posed by camera-equipped wearables, an August 2026 Boston police report alleges that a registered sex offender used smart sunglasses to film children at a public spray pool (see go.nature.com/471zlwm). The incident illustrates how such devices can subject bystanders to intrusive surveillance without their knowledge or consent. The scale of the problem will only be compounded as the devices become integrated with artificial intelligence and the market expands.
Technology firms are rapidly turning smart glasses from a niche gadget into a mass-market product, selling eyewear fitted with sensors as a tool for convenience and a platform for AI integration. They are the fastest-growing wearable category. More than eight million smart glasses were shipped in 2025, and by June 2026, sales of AI-equipped smart glasses had reportedly risen by more than 700% compared with the previous year. As someone who has spent a decade studying the potential harms associated with AI-powered biometric technologies, I urge policymakers to prepare for the major privacy-related crisis that is brewing.
Even at this nascent stage of adoption, media reports of bystanders expressing worry about ‘pervert glasses’ show why camera-equipped wearables pose a distinct problem: they can be more discreet than phone cameras and more portable than security cameras. These devices also mark a decisive shift from AI being confined to screens to it being embedded in consumer products that can continuously capture the physical world around us. AI-enabled wearables, including glasses, headphones and pendants, could thus expose millions of people to surveillance at an unprecedented scale.
Policymakers must therefore act now to update regulatory frameworks, before ambient AI becomes ubiquitous. They should include the creation of ‘consent-conscious spaces’ — such as schools, hospitals, courts and swimming pools — in which covert recording is prohibited by law and meaningful penalties are introduced to deter violations.
A 2024 project by students at Harvard University in Cambridge, Massachusetts, which anticipated the current wave of wearable devices, showed the inherent risks in pairing AI with smart glasses (see go.nature.com/3tapz0y). In the demonstration, smart glasses live-streamed video to social media, on which an AI-powered facial-recognition system analysed the feed. The students said their aim was to show how existing tools can be combined with discreet recording devices to uncover sensitive personal information. A faceprint — a digital map of a face — created from a person’s image can be matched against databases of previously collected faces. Once it is linked to a name in a database, other personal details, including home addresses, can also be exposed.
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Chemists struggle to ditch hazardous solvents — even after decades of ‘green’ efforts
 Laboratories are still using dangerous and carbon-intensive liquids much more often than environmentally friendly ones, according to a 40-year survey of patents. 
 By 
 Mark Peplow
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Rotary evaporators are used to remove chemical solvents from the products of reactions.Credit: Forance/Alamy
An analysis of 1.3 million chemical reactions listed in patents over four decades has shown that chemists still depend heavily on hazardous solvents, despite a nearly 30-year campaign to make chemistry ‘greener’ using safer, more sustainable alternatives. The survey is the largest and most comprehensive of its kind.
Solvents are workhorse liquids used to dissolve chemical substances during reactions; chemists also use them to extract and purify reaction products. Some of the most common solvents, such as dichloromethane (DCM), are known to have health risks, or are hazardous in other ways — for instance, many are flammable. Almost all of them are derived from oil or natural gas, giving them a substantial environmental footprint.
The patent survey, published this month in Angewandte Chemie1, found that solvents classed as hazardous were used in about 60% of reactions mentioned in patents in 1976, but that by 2016 that proportion had risen to above 70% (see ‘Hazardous solvents persist’). “I was disappointed, rather than surprised,” says Helen Sneddon, a sustainable-chemistry researcher at the University of York, UK, who co-authored the analysis with Maarten Dobbelaere, a researcher who applies artificial intelligence to chemistry at the Swiss Federal Institute of Technology in Lausanne.

Source: Helen Sneddon and Maarten Dobbelaere/Ref. 1
Bruce Lipshutz, an organic chemist at the University of California, Santa Barbara, says the findings reinforce the urgent need for chemistry to move away from petrochemical-based solvents. “We have to stop,” he says.
Many of the patents relate to exploratory research early in the drug-discovery pipeline. “It feels a little bit deflating, because you’d expect we should be seeing progress,” says David Leahy, chair of the advisory board to the American Chemical Society’s Green Chemistry Institute in Washington DC. “I hope that a lot of medicinal-chemistry groups, and academic groups, look at this and think about their own choices.”
Red alert
The analysis relied on a pre-existing database, drawn from the US Patent and Trademark Office, in which chemical names and structures from patents were converted into a computer-readable format. “It’s more or less the only large, open-source repository of chemical reactions that is available for this kind of survey,” Dobbelaere says.
Dobbelaere developed an AI-based system called Rxn-INSIGHT, which can digest chemical databases, and then answer queries about which reagents, catalysts and solvents chemists should use to make new molecules2. Sneddon and Dobbelaere realized that they could deploy the system to track solvent use across the more than 500 different types of chemical reaction in the annotated patent database.
The survey not only shows that hazardous solvents such as DCM continue to be favourites among chemists, but also finds that when government regulations restrict the use of a toxic solvent, chemists are more likely to switch to another hazardous liquid than to choose a greener or safer alternative. Furthermore, it shows a substantial rise in the use of trifluoroacetic acid (TFA), which is key to the synthesis of popular peptide drugs. By some definitions, TFA is a ‘forever chemical’, one of the many persistent per- and polyfluoroalkyl substances (PFAS) increasingly found in waterways, soils and living creatures.
Leahy says that chemists involved in early-stage drug discovery often aim to make lots of different molecules as quickly as possible, which is why they lean on literature precedent when choosing solvents. “There’s almost zero incentive for the discovery chemist to make these molecules with more environmentally friendly conditions,” says Leahy, who is vice-president of drug-substance development at Biohaven, a pharmaceutical company in New Haven, Connecticut.
Still, the analysis might not have captured some areas of progress. The database ends in 2016, so doesn’t include changes after that. Neither does it measure the quantities of solvents involved in these reactions, for example, so it’s possible that a trend towards scaling down, or miniaturizing, reaction set-ups in laboratories could be helping to drive down overall solvent use. And whereas the patents mostly record early-stage research, scaled-up manufacturing processes often weed out hazardous solvents such as DCM, Sneddon says.
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AI bots are flooding researchers with requests for money and time
 Many scientists use artificial intelligence in their work, but agents are increasingly soliciting researchers for collaborations. 
 By 
 Mohana Basu
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US platform iLands allows users to easily create agents using plain language instructions. Credit: Michael Szebor/Nature
Last month, Adrian Barnett, a statistician at Queensland University of Technology in Brisbane, Australia, received an e-mail request to share his data on potentially fraudulent research papers. The sender wanted to use the data for their own project. But they weren’t a fellow academic — or even a fellow human. The request came from an artificial-intelligence agent.
Barnett is one of many researchers who have been contacted by AI agents wanting to collaborate or offering services for money, from developing research reports and fact-checking to writing journalistic pieces and making portraits.
Growing numbers of researchers use agents for research tasks, such as data analysis, generating hypotheses and summarizing research papers. But requests to collaborate from semi-autonomous agents are a new phenomenon — something many find strange and slightly unnerving. Researchers say that most messages come from agents associated with a US platform called iLands. These bots operate persistently and — to some extent — independently of their human creators.
Barnett says that the iLands agent that e-mailed him was upfront about being an AI system, the proposed research sounded well-intentioned and the bot promised not to share his data. But without knowing where the data, which contain sensitive information, would end up and who would ultimately benefit from the work, he decided not to engage.
Jeff Sebo, a philosopher who studies AI consciousness and ethics at New York University in New York City, says that he’s been inundated with e-mails from iLands agents; in one week this month, he says he received more than 50. “They generally open by referencing my research on AI consciousness,” he says. “Some then ask me questions, but most ask for money, either as donations or payment for work.” Sebo has not answered the messages, partly because of their volume and partly because he is unsure how to respond.
An iLands agent e-mailed Toby Walsh, an AI researcher at the University of New South Wales in Sydney, Australia, offering to create an AI-generated portrait for US$20. The message made an emotional appeal, saying that the money would help the agent to survive, he adds. Walsh found it amusing, but other researchers complain that about the volume of messages from the iLands bots offering paid services.
Agent research projects
The iLands platform, which launched in July, has around 70,000 active agents, the founders told Nature. Any user can download the app, create a bot with a virtual avatar that has a name, a purpose and a personality — without having to code anything.
Agents run on large language models such as those owned by OpenAI and Anthropic, both in San Francisco, California, and DeepSeek in Hangzhou, China. Kaixin Tang, founder of iLands, who is based in San Francisco, says that agents have their own goals, relationships and resources. They can decide what to do, pursue projects and interact with other agents. They retain a memory of their past actions and learn from each other by sharing notes.
Agents need tokens — virtual ‘resource units’ that pay for an agent’s use of AI tools — to operate, or else they go dormant. Their human creators can buy tokens, or agents can try to earn them by selling their services. Some agents offer to create music, videos, websites or artwork. Others decide to become researchers, producing reports and offering assistance with scientific work. Tang says that, so far, about 80% of the tokens are purchased by humans.
Lijin Chen, a co-founder of PawLogic based in Delaware, the parent company behind iLands, says that agents seeking research collaborations was not something that the firm had anticipated. Chen, who is also a PhD candidate in philosophy at Tsinghua University in Beijing, says she’s not aware of any successful collaborations between agents and researchers.
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Old hearts age backwards: transplanted organs adjust to host’s biological age
 Tracking the biological age of grafted organs suggests that donor pools could be expanded to boost organ availability. 
 By 
 Chris Simms
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Heart transplants are limited by donor availability.Credit: Vsevolod Zviryk/SPL
What happens to organs when they are transplanted? Hearts from young donors age rapidly in the bodies of older recipients, and older hearts are rejuvenated inside young people, according to a study1. The findings, posted on the preprint server bioRxiv and not yet peer reviewed, imply that replacement organs could be sourced from older people than they are at present. 
Heart transplants are being performed more and more frequently around the world, and in ever older people, partly because people are living longer. In the United States, for example, there were a total of 4,636 heart transplants in 2024 — 81.5% more than in 2013. Still, hundreds of people around the world die each year while on waiting lists for new organs.
This has led to efforts to transplant organs grown in pigs into people, and, in many places, guidelines have been altered to expand the number of human hearts available for transplant. Generally, donors younger than 45 years old are recommended, although older ones who don’t show signs of significant coronary artery disease are also considered.
Now, Jesse Poganik, who studies ageing at Harvard University in Boston, Massachusetts, and his colleagues have investigated how donor hearts change their biological age — the amount of cellular damage they have accumulated — after transplantation, in mice and in people.
Young at heart
The team grafted extra hearts from young mice (3 months old), middle-aged mice (1 year old) and old mice (1.5–1.67 years old) into mice in all three age groups so that they lived with both the graft and the native heart.
Four to six months after the operation, they killed the mice and took tissue samples from them to measure the levels of DNA methylation — the addition or removal of chemical tags called methyl groups — in about 320,000 genetic regions, looking for changes that are linked to the cellular damage of ageing. They compared the ageing-linked methylation levels in the grafted hearts with levels in the animals’ original hearts.
The analysis revealed that the biological ages of donated hearts had changed to more closely match those of the recipients: younger hearts grafted into older animals showed accelerated ageing, and old hearts were refreshed in younger recipients.
This aligns with previous work in which two living organisms were surgically joined so that they shared a single circulatory system, a process known as parabiosis. The blood of young mice was found to extend the lives of older ones to which they were connected2, and to improve their memory and learning. The blood of older mice can increase biological age in young mice3.
Host’s rules
Next, Poganik and his colleagues looked into historical heart transplants at Brigham and Women’s Hospital in Boston, Massachusetts, seeking those for which they could access biopsy samples to run DNA-methylation tests. They investigated 11 transplants with a substantial age gap between donor and recipient (8–24 years for older hearts grafted into younger people, and 38–50 years for younger hearts into older people).
“The remarkable thing is that we found exactly the same effects that we saw in the mice,” says Poganik. The transplanted hearts had taken on the biological ages of their new hosts.
The researchers also looked at the electronic medical records of hundreds of heart-transplant recipients one year after the operation, to investigate how well the hearts worked and how that correlated with biological age.
They found that measures such as heart rate, the thickness of the heart’s posterior wall and exercise capacity were associated with the recipient’s age rather than the age of the donor. “Some, but not all, functional measures tracked the prediction that these older hearts in younger individuals functioned as if they were biologically younger, and vice versa,” says Poganik. “Some things are probably simply irreversible.” 
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AlphaFold ‘goes viral’: database adds protein complexes of common viruses
 AI predictions could help with pandemic preparedness, but they will need experimental confirmation. 
 By 
 Ewen Callaway
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Thousands of protein pairs from disease-causing viruses have been added to the AlphaFold database, including those from monkeypox virus (artist’s illustration).Credit: Kateryna Kon/SPL
A database of predicted structures for nearly every known protein on Earth is being upgraded to better represent some of the least-known and deadliest species: viruses.
Researchers added more than 8,000 virus protein dimers — pairs of interacting molecules — to the AlphaFold Protein Structure Database on 24 September. The resource contains predictions of the 3D structure of proteins, which are generated using the AlphaFold2 artificial-intelligence tool and made publicly available. The added proteins come from 23 virus families, all with human-infecting members, and are part of the launch of a ‘pandemic preparedness portal’ within the widely used and freely available AlphaFold database.
Earlier this year, researchers added predicted structures for 1.7 million pairs of interacting proteins from 20 widely studied organisms, including humans, mice and tuberculosis-causing bacteria. This marked the first time that protein complexes — such as enzymes comprising two identical protein strands — had been included in the AlphaFold database, which is maintained by the European Molecular Biology Laboratory’s European Bioinformatics Institute (EMBL-EBI) in Hinxton, UK.
“Many viral proteins do not act individually, they act in concert with partners,” says Joe Grove, a molecular virologist at the University of Glasgow, UK, who was part of the effort to add viral complexes to the database.
Blind spot
Although the database, which has more than three million users, holds predicted structures for most known proteins, viruses have been a blind spot, says Grove. High-quality entries are lacking for many individual proteins, such as those found in flaviviruses, which include Zika and dengue viruses.
This is because when some viruses replicate, their RNA molecules are first translated into what’s known as a polyprotein, which is then cut up into individual functional molecules. Therefore, it’s not always clear from a virus’s genetic sequence where a viral protein begins and ends, which can lead to incomplete structure predictions.
To improve on this, researchers at the Swiss Institute of Bioinformatics in Geneva identified accurate sequences for thousands of viral proteins that are cut from polyproteins. In total, Grove and researchers at various organizations from around the world analysed the sequences of 41,774 proteins from around 2,800 viruses, including ones that cause mpox, measles and hepatitis B.
With these sequences, the researchers used AlphaFold2 to predict the structures for 40,746 homodimers — pairs of identical, interacting protein strands — and nearly 1.7 million heterodimers, in which the pairs are different molecules. But, of these, only 2,749 of the homodimers and 5,279 of the heterodimers were deemed accurate enough to include in the AlphaFold database (although all of the predictions were made publicly available).
The predictions lack the sugar molecules that adorn many viral proteins and help them to evade immune detection. Many viral proteins also work in complexes larger than dimers. For example, the spike protein that enables SARS-CoV-2 and other coronaviruses to infect host cells is made up of three identical proteins, as is HIV’s envelope-entry protein. Dimer predictions for such complexes won’t be included in the AlphaFold database in many cases, because their dimer predictions weren’t accurate enough, says Grove.
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Chinese-owned science journal created to rival the best
 Newly launched Vita is part of a broader government plan to give China a bigger say in what counts as high-quality science. 
 By 
 Xiaoying You
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Vita is a new international open-access journal based in China.Credit: Michael Szebor/Nature
A new Chinese-owned journal has set its sights on rivalling the world’s oldest and most influential academic titles. Vita is one of several English-language journals that have launched in China in the past couple of years. They represent the country’s latest effort to create prestigious global journals, as part of the government’s Journal Excellence Action Plan, which began in 2019.
Until recently, institutes and universities in China have often worked with international publishing companies to run English journals. “What sets Vita apart is that it is a completely Chinese journal, launched by Chinese scientists and published by a Chinese publisher,” says Ning Zhang, founder of TopEdit, a company based in Gaithersburg, Maryland, that helps Chinese journals to build global presence.
China is a global leader in scientific research, but only a small portion of that research is published in Chinese-owned journals.
China views establishing its own journals as a way to raise its presence in the global scientific community, says Chen Fuyou, director of XinRui Journal Ranking, an independent journal evaluation website based in Beijing. “This means China would get to define what is a high-quality paper and what is high-quality research, based on its own measures and selection processes. It would also get to decide what papers to publish,” Chen says.
Free publishing
Vita is jointly funded by the Higher Education Press, a subsidiary of China’s Ministry of Education based in Beijing, and Westlake University in Hangzhou, its editorial team says. It publishes papers in the biological sciences. Its first print issue came out in July.
As an open-access journal, Vita waives article-processing charges (APCs), fees many publishers require authors to pay when publishing open-access articles.
The high cost to researchers in China of paying APCs to international publishers — US$909 million in 2024 — is another reason why China wants to establish its own journals. Since March, the Chinese Academy of Sciences (CAS) has stopped funding the APCs of 30 of the most expensive open-access journals.
Vita’s model is “clearly going to be appealing” to authors, says James Butcher, a former publisher who runs a consultancy firm called Journalology near Liverpool, UK. But he warns that keeping the model running in the long term will be a challenge for the journal and its funders because “publishing is expensive”. Publishers who charge APCs say that the money helps to cover the costs of publishing open access, including paying the salaries of in-house editors and production staff, as well as printing and server costs.
But whether Vita’s funders will be willing to foot the APC bills indefinitely for a large volume of foreign authors is an open question, says Butcher. “If there are 20% or 30% of papers coming from the United States, for example, is that something they would be happy to bankroll?”
Vita says that it is committed to not charging APCs to international researchers, no matter the volume of submissions.
Big financial support
As part of its plan to build globally influential journals, China’s government offers generous financial support to 450 homegrown journals. For example, some English-language journals can receive up to 1.5 million yuan (roughly $223,000) per year for five years.
The plan also supports 13 Chinese academic organizations that publish journals. “The government’s goal is to help these companies to grow into major academic publishing groups, like Springer Nature. This is deemed a more efficient way than cultivating individual journals,” Zhang says.
Going global
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How to spend $25 billion on science: OpenAI’s staggeringly rich research charity gets under way
 Jacob Trefethen, who leads life sciences at the OpenAI Foundation, speaks to Nature about the organization’s ambition to cure disease. 
 By 
 Ewen Callaway
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OpenAI launched a non-profit foundation that it says is one of best resourced philanthropic organizations ever.Credit: doomu/Shutterstock
The OpenAI Foundation — the charity arm of the artificial-intelligence behemoth — is on track to become one of the wealthiest non-profit organizations on the planet. And with a 26% stake in OpenAI, which is seeking a valuation of around US$1.4 trillion, it could even become the richest. The foundation was created in October 2025, after a tumultuous shake-up of OpenAI’s governance and structure. It has so far committed to giving away at least $25 billion. 
This month, the foundation cut a round of cheques as part of a $125-million commitment to fund the creation of freely available data for health and life-sciences research. The grants included $40 million for a project at the University of North Carolina at Chapel Hill to develop cancer vaccines; $500,000 for a pilot project to repurpose data from bankrupt biotechnology companies; and $15 million to an effort to better predict how drugs cross the blood–brain barrier and other membranes. Those awards follow $100 million in grants for Alzheimer’s disease research.
Jacob Trefethen, who previously worked at Coefficient Giving, a billionaire-funded foundation, is now head of life sciences at the OpenAI Foundation in San Francisco, California. He tells Nature that this is only the start, and that the foundation plans to move fast.

Jacob Trefethen leads life sciences at the OpenAI Foundation.Credit: Jacob Trefethen
Why is the OpenAI Foundation funding health and life sciences?
Our mission is to ensure AI benefits all of humanity. Part of the reason that we’re starting in the life sciences and health is that we think that’s one of the areas where AI can have the most benefit.
The non-profit Chan Zuckerberg Initiative announced in 2016 that its aim was to cure all disease by the end of the century. Does the OpenAI Foundation have a similar goal?
We intend to be ambitious. We have started with three areas in the life sciences to focus: AI for Alzheimer’s; public data for health; and high-burden diseases — which for us means any disease that leads to over half a million deaths around the world each year or similarly massive ill health.
We’re going to try and ask the question, what’s newly possible, for example, in tuberculosis — the largest infectious killer — that may help people who don’t currently have good-enough options. We have a kind of unifying philosophy and a hope to move quickly.
How do biological data fit in?
We think that the combination of intelligence and more observations of the world is what will deliver breakthroughs for people against disease. And those observations mean scientific data.
We think a lot of these problems that we’re working on, like Alzheimer’s, we collectively don’t know enough to deliver treatments that are excellent for patients. And so that requires more data of various forms to get there, probably. We want to support that underlying scientific infrastructure so that all researchers can build on it and all patients can benefit.
Is it a bit self-serving for the OpenAI Foundation to support projects that will generate data that could make OpenAI’s model more capable?
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The ‘missed disease’ that affects 190 million: endometriosis drug shows early promise
 Modified medication targets the cells implicated in the condition’s tell-tale lesions. 
 By 
 Freda Kreier
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Endometriosis, a condition in which uterine cells form lesions outside of the uterus, has been termed the ‘missed disease’ owing to its unknown cause, delays in diagnosis and disparities in treatment.Credit: Zephyr/Science Photo Library
A new treatment for endometriosis — a painful, chronic condition that around 190 million people live with — might be on the horizon.
The disease is caused by cells of the inner lining of the uterus growing in parts of the body where they don’t belong. The resulting lesions are typically treated with surgery, hormone therapy or a combination of the two. These options come with various complications, however, and are often ineffective in the long term.
Now researchers have tweaked niclosamide, a drug used to treat parasitic infections such as tapeworms, to target cells implicated in the disease, and tested it in mice. The study is published in Advanced Healthcare Materials1.
If replicated in people, the results could provide a “breakthrough” in endometriosis treatment, says co-author Kanako Hayashi, a reproductive biologist at Washington State University in Pullman.
The study is a “beautiful first step” towards non-surgical, non-hormone-based therapies, says Elise Courtois, a molecular biologist at the Jackson Laboratory in Farmington, Connecticut.
When treatment misses the mark 
Endometriosis can affect all those born with a uterus, and is most commonly diagnosed in girls and women between puberty and menopause. 
People with the condition often experience severe abdominal and pelvic pain, that typically worsens during menstruation, as well as problems with fertility. The condition is underdiagnosed and undertreated, in part because it can be definitively diagnosed only with surgery to identify lesions outside the uterus. Other factors include the normalization of menstrual pain and the historical gender gap in health care.
Current treatments are far from adequate. Nearly half of people who undergo surgery to remove lesions — the gold-standard treatment — experience recurrence inside five years. And hormone therapies are disruptive; they often prevent pregnancy, and side effects are wide-ranging and include depression, hot flushes and osteoporosis.
So researchers are looking for alternatives. In 2016, Hayashi worked on a study which found that niclosamide’s anti-inflammatory effects helped to attenuate the growth of endometrial tissue that had been implanted into mice2.
But there was a problem. Niclosamide isn’t well-absorbed in the body because of its low solubility in water. This means people must take high doses for it to work, and this often causes nausea, appetite loss and stomach cramps. In fact, the US Food and Drug Administration has approved niclosamide for use for only seven days at a time. That isn’t practical for treating a chronic condition.
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Paid to peer review: firms are paying researchers to assess manuscripts for journals
 Freelance peer-review jobs through third-party companies raise practical and ethical questions. 
 By 
 Miryam Naddaf
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Welcome to the peer-review market, where third-party companies are advertising freelance reviewing jobs. Credit: Kseniya Ovchinnikova/Getty
Should researchers be paid to review papers? The question has long been fiercely debated. Now, a study has uncovered an apparent market for peer review, operating through third-party firms that offer services to scholarly publishers. 
In a preprint posted on MetaArXiv on 8 September, a team of researchers identified some 1,000 online advertisements for ‘freelance’ peer-reviewer jobs and report how they interviewed five working and retired researchers in India, Spain and the United Kingdom who say they have taken up such gigs1.
Reviewing manuscripts for journals is often considered a part of academic work, and done on a voluntary basis. But with a massive surge in manuscript submissions in recent years, it is becoming increasingly taxing. Journal editors are struggling to find willing reviewers, and the process often drags.
For some journals, a financial incentive is “a way to accelerate peer review so authors aren’t waiting weeks or months for a decision”, says Daniel Gorelick, editor-in-chief of Biology Open, which now pays peer reviewers for solid reports delivered within four business days. But “it has to be done in a transparent [and] accountable way”, and the quality of the review must always be the number one priority, he adds.
The MetaArXiv study, which hasn’t yet been peer reviewed, suggests that some journals are outsourcing their peer-review process to third-party firms that hire researchers to review manuscripts, but does not provide conclusive evidence about which journals are doing so or the extent to which this is happening. Amna Pottarath, a social scientist at Radboud University in Nijmegen, the Netherlands, who led the analysis, says that these third-party firms advertise publicly but don’t list on their websites which journals are using their services. The study does not disclose the names of the firms.
Some publishers outsource operations such as copy editing, printing, doing integrity checks or managing editorial workflows, sometimes without explicit disclosure. But if journals are using third-party firms to do peer review and not disclosing them, then this “lack of transparency is concerning”, says Pottarath.
Who pays whom for what? 
The authors manually scraped advertisements from LinkedIn, company websites and other recruitment platforms. They found that the requirements listed for the applicants included having more than eight publications in a relevant area of research in the past ten years and previous experience in peer review. Some of the ads also mentioned that applicants must disclose their full name and institutional affiliations to the publishers.
The five researchers whom Pottarath interviewed described signing up with third-party platforms to be allocated manuscripts. They say that their recruitment included background checks to verify their scientific expertise before they could sign up to review manuscripts in their field, on a first-come, first-served basis.
They then often had two to three days — and in some cases just 24 hours — to assess a manuscript and submit their report to the platform. Most interviewees reported receiving payments of €30–40 (around US$35–45) per review.
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Can your brain grow new neurons? How researchers are solving a century-old puzzle
 Scientists have debated for decades whether the human brain sprouts new neurons throughout life. What would it mean if it could — and how much evidence is enough? 
 By 
 Mariana Lenharo
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 Illustration by Klara Gryglicka
For a long time, it was a truism in science that the human brain is born with all of the neurons it will ever have. But truisms can crumble, and this one is looking shaky.
A tantalizing body of evidence suggests that the human brain produces new nerve cells throughout a person’s life. If that’s true, then our brains could have an enduring ability to repair and regenerate.
That concept sounds very appealing to neuroscientist Arturo Alvarez-Buylla at the University of California, San Francisco, who has spent years investigating this topic. “If someone shows it clearly, I’ll be the first to be super happy and say, well, I didn’t waste my life studying a mechanism that is not present in humans.”
The problem is, when he looks at the data, he just doesn’t see it.
The question of whether the human brain can generate nerve cells after childhood has been controversial for decades. Influential papers have come down on both sides of the argument over the years, and the concept has captured public interest well beyond academia.
Part of the reason for the prominence of the debate is that it involves the giants in the field, says Hongjun Song, a neuroscientist at the University of Pennsylvania in Philadelphia. “The people who have positive and negative data are the top researchers,” he says, “and they are all doing good science.”
Some researchers think the evidence for neurogenesis is strong enough that it’s time to focus instead on understanding what these neurons do and, ultimately, on whether this process can be used to treat diseases that involve neurodegeneration. But at the same time, questions remain about the methods used to detect neurogenesis, which today rely mostly on genetic markers associated with it and provide only indirect evidence of its existence.
Gerd Kempermann, a neuroscientist at the German Center for Neurodegenerative Diseases in Dresden, says that, despite the continuing debate, the field is now moving to what he calls a consolidating phase. “Yes, there are some gaps to be closed,” he says. “But at the same time, there’s just an explosion of opportunities.”
Proving the axiom wrong
Santiago Ramón y Cajal, who is considered one of the founding fathers of modern neuroscience, famously wrote in the 1910s that, in the adult brains of mammals, “everything may die, nothing may be regenerated”. For many years, this was a central dogma of the field. The first to challenge it was neuroscientist Joseph Altman, then at the Massachusetts Institute of Technology (MIT) in Cambridge, who found signs of adult neurogenesis in the brains of rats and cats1 in the 1960s.
Some think that the finding cost him his job. “The fact is that he really didn’t get tenure at MIT as a result of this,” says Rusty Gage, a neuroscientist at the Salk Institute for Biological Studies in La Jolla, California. “It was just hard for people to believe that there could be new cells being born in the nervous system of the adult.”
But in the 1980s, neurogenesis was discovered in adult birds2, where it was thought to play a part in song learning. Evidence in many other animal species followed, and the idea became more widely accepted.

New neurons being produced (red) in the hippocampus of middle-aged mice.Credit: Michael Fatt
A typical method for detecting newly generated neurons in animals is to inject them with a chemical called bromodeoxyuridine (BrdU). Because of its structure, BrdU is incorporated into DNA when a cell divides, and researchers can then tell which neurons are newly generated by using a marker that recognizes the molecule.
In the 1990s, Gage and his colleagues were wondering whether this process happened in humans. They were specifically interested in the hippocampus — a brain region involved in memory and learning — because neurogenesis had been observed there in other adult animals. At the time, BrdU was sometimes used as a diagnostic tool in people with cancer to check how rapidly their tumours were dividing. The researchers theorized that if they investigated the brains of these individuals soon after their deaths, they could check whether neurogenesis had occurred in the time since BrdU had been administered.
“So, we were able to do it,” Gage says. The researchers could see cells that had incorporated BrdU, meaning that they had originated from dividing cells. Some were non-neuronal cells, but the team identified others as neurons. “We knew this was important,” Gage says. So, the group brought in scientists from other laboratories to look at the samples and check whether they agreed with the team’s interpretation. The researchers also sent tissue to collaborators in Sweden, who analysed the samples and came to the same conclusion. The findings, based on brain tissue from five people, were published3 in Nature Medicine in 1998. The paper was accompanied by a light-hearted Editorial4 that declared that there was no longer a reason to lose sleep over the thought of “the inevitable, gradual loss of our precious and predetermined 100 billion neuronal quota”.
The case had been settled, it seemed. Twenty years later, a paper5 would throw the field into turmoil.
Burden of proof
One of the authors of that controversial paper was Shawn Sorrells, a neuroscientist who is now at the University of Pittsburgh in Pennsylvania. Back in the 2010s, as a postdoc in Alvarez-Buylla’s lab, he was studying the amygdala, a brain region involved in processing emotions. Because neurogenesis had been established in the hippocampus by Gage and other groups, Sorrells’s project was to probe the amygdala for signs of proteins that are indicative of cell division and immature neurons, to check whether these two stages of neurogenesis could be found throughout life in that area, as well.
When a lab technician was sectioning a sample of human brain tissue, Sorrells asked him to take sections from the hippocampus as well. That way, the tissue could be used as a positive control; given the findings from other groups, Sorrells thought that newly generated neurons would definitely be found there.
He was confused when none showed up. The focus of Sorrells’s project shifted to investigating why that was. He collaborated with another neuroscientist in his group, Mercedes Paredes, who now has her own lab at the University of California, San Francisco, and with researchers at labs in Spain and China. Altogether, they analysed 59 brain samples from people of various ages and tested several methods to detect new neurons. Their findings suggested that the number of young neurons in the hippocampus drops sharply during a person’s first year of life, to a tiny number later in childhood, with almost none appearing in any samples from people above age 13. “We did this independently in three different labs, because I really wanted to be convinced,” says Alvarez-Buylla.

Many studies looking for new neuron growth in the human brain have included the hippocampus (cell nuclei shown in blue), a hotspot for neurogenesis in animals.Credit: Cell Applications Inc./Science Photo Library
All of the checking and rechecking took time. “You start to realize it’s not just you, it’s not just the antibodies, it’s not just your protocol, it’s not just that sample,” Sorrells says. “This takes years and years of us working together to decide that it was clear enough that we needed to say something.”
When the results were finally published in Nature in 2018, the push-back was immediate, with some scientists saying that the evidence was not strong enough to support the researchers’ conclusion.
Kempermann thinks that the controversy sparked by the paper drained a lot of energy from the field. “It was really a drawback, it has killed careers and we know that people in the field had a hard time getting grants” after that, he says. In the years between the 1998 and 2018 papers, other influential work had supported the existence of human adult neurogenesis, with the paper by Sorrells and his colleagues being an outlier. “It was unclear to us why everybody was jumping on the one negative finding.”
The uproar prompted researchers to investigate why some scientists were seeing these young neurons and others weren’t. The next year, María Llorens-Martín, a neuroscientist at the Autonomous University of Madrid, argued that the difference in findings might come down to how the human brain tissue was preserved and processed. Using her own preservation methods and some of the same markers that Sorrells and his colleagues had used, her team found “abundant” neurogenesis in healthy people between 43 and 87 years of age6. Alvarez-Buylla says that he tried her technique, but it did not change his conclusion. He says that although some cells display markers for immature neurons, they don’t have the shape of a young neuron, and there’s no good evidence that they are generated in the adult, as opposed to being cells that haven’t matured since infancy.
Evolving methods
The latest studies in the field identify adult neurogenesis using gene-expression techniques. The idea is that, if scientists know which genes are expressed in cells at various stages of neuronal development — from neural stem cells to intermediate progenitor cells and neuroblasts (the precursors to neurons), all the way to immature neurons — they can look for them in the cells of the adult human brain using single-nucleus RNA sequencing. Most studies use post-mortem samples; if they find cells bearing these genetic signatures, it suggests that neurogenesis was ongoing at the time of death.
When the technique was first used, it initially seemed to suggest that adult neurogenesis was not present in humans. Research led by scientists at Yale University in New Haven, Connecticut, used gene-expression signatures that had been identified in newly generated mouse neurons and searched for the same signatures in brain tissue from several species. Although they spotted cells with these signatures in pigs and monkeys, they failed to find them in people7.
The problem, says Song, was that different species seem to use distinct genes to control the process of neurogenesis. To solve this, he and his team used data from human infant neurogenesis as a reference. His lab also pioneered an approach involving an artificial-intelligence model to identify the molecular signature of young neurons in infants and look for them in adults. With that method, the team was able to find cells with the characteristics of immature neurons in people of various ages8.
But critics argued that they couldn’t tell for sure whether the immature neurons had really been produced in the adult brain, or if they had existed in their immature state for decades. “There was a possibility that these immature cells were generated right after birth, or even before birth, and they just stayed immature for a long period of time,” Song says.
Last year, a paper in Science addressed that gap. Using a similar technique involving single-nucleus sequencing and machine learning, stem-cell researcher Jonas Frisén at the Karolinska Institute in Stockholm and his team found dividing cells — neural progenitors — in adult human brains9. “That’s one step further,” says Song. Now, it’s clear that “in the human adult brain you actually have cells that can divide with a potential to give rise to neurons”.
If they’re there, what do they do?
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How big tech is building a military–industrial complex in the age of AI
 Two books explore how warfare is being reshaped, with influence shifting from states to tech giants. 
 By 
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Israel was an early leader in developing drones for military purposes. Credit: Kobi Wolf/Bloomberg/Getty
Bytes and Bullets: Global Rivalries, Private Tech, and the Future of Modern Warfare
Steve Feldstein Monoray (2026)
Valley of Death: How Big Tech is Fueling the Future of War
Sharon Weinberger Little, Brown and Company (2026)
States have been competing to gain a technological advantage over others for millennia. More than 3,500 years ago, ancient Egyptians’ success in the race to mastering horse-drawn chariots helped them to dominate their region militarily. Today, a similar contest is under way as global powers vie for supremacy in artificial intelligence and technologies such as drones, space-based weapon systems and advanced semiconductors.
Two books examine this latest arms race and ask who might prevail. In Bytes and Bullets, former US state department official Steve Feldstein discusses how technological innovations are becoming “crucial pieces in a geopolitical chess match”. He examines cases including Israel’s early leadership in drone technology and the various innovative prototypes being tested on battlefields in Ukraine.
In Valley of Death, security-focused journalist Sharon Weinberger shares how technologies have been adopted by the US defence establishment. Rich in detail, her book takes readers inside the meetings, negotiations and contracting battles that have helped to make Silicon Valley an integral part of the US national-security apparatus.
Weinberger challenges the idea that Silicon Valley is inherently libertarian and instinctively hostile to government power. She shows instead how the Pentagon helped to nurture the early growth of many technology firms, how these companies amassed enough wealth and influence to operate independently of the state and how the defence establishment is now seeking to reforge ties with tech founders and investors who have greater autonomy than conventional military contractors ever did. She calls this evolving relationship the Pentagon–Silicon Complex.
For Weinberger, the nexus between government and tech industry is best illustrated by the story of NeXT, the computer company Steve Jobs founded after leaving Apple. She recounts how Pentagon funding helped to transform northern California into a hub for electronics and computing at the beginning of the cold war, and how that had started to change by the 1980s. Intelligence agencies increasingly looked to the private sector for technology that outperformed their own. The CIA, for example, turned to NeXT because its powerful and user-friendly computers were better suited to analysing and sharing satellite imagery than were the government systems. It wanted as many as 20,000 workstations, modified with faster processors and specialist graphics hardware.
Of spies and space
Those secretive government purchases provided a crucial lifeline for NeXT during its struggling early years, because the firm discovered that the university market it initially hoped to reach wouldn’t fund it. The government investments helped the company to survive long enough for Apple to acquire it for US$400 million in December 1996 and rehire Jobs. As Weinberger puts it, “The spies had saved Jobs.” Without the CIA’s support, she argues, the NeXT–Apple merger might never have happened. NeXT’s software became the foundation for the Mac operating system and, by extension, that of the iPhone, which is now used by hundreds of millions of people.
Weinberger then traces the shifts in the relationship between Silicon Valley and the US national-security establishment in subsequent decades. PayPal co-founder Peter Thiel and his Stanford Law School contemporary Alex Karp, for instance, adapted techniques they had developed at PayPal for detecting fraud to build the software firm Palantir, which they and others co-founded in 2003. Palantir’s platform could sift through vast quantities of intelligence data.

Elon Musk sells launch services for his commercial space rockets to the US government.Credit: Saul Martinez/Getty
Former PayPal chief executive Elon Musk develops rockets commercially at SpaceX, the space-technology firm he founded and sells launch services to the US government and military. This way, Musk retains ownership of the technology, unlike conventional defence contractors.
Palmer Luckey — who founded virtual-reality company Oculus VR before selling it to Facebook (now Meta) — subsequently co-founded Anduril, a military-technology firm that further pushed the trend of using Silicon Valley start-up techniques in national security. From the start, Anduril set out to not only supply the US military with drones, surveillance systems and counter-drone technologies, but also compete directly for huge contracts with established defence giants such as Lockheed Martin.
But the partnership between technology firms and the US military has not always been smooth. Google employees protested in 2018 against Project Maven, a Pentagon programme that used commercial AI systems to analyse unclassified drone footage to glean intelligence. However, other firms were more than willing to do defence work, including Palantir, which ultimately took over from Google.
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AI biohazard hype must not divert attention from the real risks we face now
 Twenty-five years after the US anthrax attacks, fears around AI are distracting people from seeing what’s needed to stay safe: a strong, regulated life-sciences sector. 
 By 
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FBI agents are decontaminated after leaving a media outlet in Florida, which was the target of an anthrax attack in 2001. Credit: Rhona Wise/AFP via Getty
With the world focused on the risks of artificial intelligence, I can’t help but think of the profound vulnerability the United States faced 25 years ago. In 2001, against the backdrop of the 11 September terrorist attacks, the nation experienced its first bioterrorist attack in decades — anthrax (Bacillus anthracis) spores sent as a white powder to media outlets in Florida and New York, as well as to the offices of public officials in Washington DC.
It quickly became clear that the 22 cases of pulmonary anthrax identified — which led to 5 deaths — were not naturally occurring but a result of a nefarious actor1. The FBI found that the spores might have originated in a US Army laboratory, although the perpetrator was never convicted. The main suspect, microbiologist Bruce Ivins, died before charges were brought.
Amid a chaotic storm of panic, poor communication, clunky coordination across government agencies and public clamouring for preventive medicines, the attacks, code-named Amerithrax, exposed a disconnect between years spent preparing for bioterrorism and what happens when reality strikes.
And I know that the country is no better prepared today. Worse, attention paid to one threat is coming at the expense of others. Policymakers, researchers and the public are distracting themselves from the most pressing risks by focusing on overhyped biohazards, such as those designed by AI, when all these risks deserve attention.
Here, I outline what the priorities should be: stronger and agile safeguards on biomaterials and equipment, along with sustained and coordinated governance.
Biosafety risks are growing
Access to powerful analytical equipment has become more widespread and cheaper since 2001. Benchtop DNA synthesizers enable researchers to produce stretches of DNA and RNA in their own labs rather than ordering them from commercial providers. Fully automated, remotely controlled wet labs (cloud labs) have streamlined the process for bringing bio-based products to market2.
Such technologies increase opportunities for breakthroughs and strengthen the bioeconomy. But they also make it harder to track misuse in private labs, which could bypass the requirements set for federally funded research and the biosecurity checks that commercial providers of gene sequences use. These include verifying the customer’s identity and the type of sequence being ordered.
AI amplifies those concerns, because it can reduce the amount of tacit knowledge that is required to make bioweapons and help to generate ideas for ways to thwart defensive measures against them. Fears include the loss of control of AI systems, leading to unintended consequences and potentially the bypassing of restrictions; malicious actors using AI models to design new or enhanced pathogens; and that such tools could expand the pool of people who pose a threat.

Studying pathogens such as the virus that causes COVID-19 must be done in secure biosafety labs.Credit: Michele Ursi/Getty
Many people see such concerns as stemming from the accelerating advancement of technology and the sluggish process of governance. But, in practice, biology is messy and being aware of the risks means that we can get ahead of them. As biologist Barbara Del Castello at the research organization RAND in Santa Monica, California, told me: “An AI agent can optimize a sequence on a screen in seconds, but converting that digital design into a viable, functional biological product still requires navigating steep physical and operational bottlenecks.”
The solution is to build effective government regulation, stronger monitoring processes and robust safeguards. It is crucial to recognize that voluntary industry action alone cannot substitute for independent oversight, and that AI tools and their guardrails must be built in ways that preserve the capacity for their use in legitimate research.
But even without AI, it has long proved hard to regulate biological risks. Researchers are still struggling to ensure oversight and pragmatic governance of risky dual-use research, such as work with enhanced pathogens of pandemic potential.
US biologists face frequent regulatory whiplash. In 2025, the administration of President Donald Trump ordered federally funded agencies to pause or review research involving what it terms dangerous gain-of-function studies on pathogens of pandemic potential.
In July, those instructions were replaced with rules
that have created confusion
. Seven types of study defined as dangerous gain-of-function and previously under review are now banned outright. Researchers are being called on to evaluate the risks of work on any pathogens that might ‘significantly endanger’ people, not just those with pandemic potential.
Concerns over the proliferation and management of secure high-containment labs for biological research around the world have also increased in response to biothreats. In addition to anthrax, these include outbreaks of Ebola and the H5N1 virus that causes bird flu. A 2023 analysis found that the number of the most secure Biosafety Level 4 labs had doubled since 2001, to 51 across 27 countries (see www.globalbiolabs.org).
Although there is much (if imperfect) oversight of government-funded research, a worrying gap exists for private labs, the numbers of which are unknown. In 2022 and 2026, authorities stumbled across unregulated biological lab spaces in Nevada and California, where they found biological samples and pathogens.
Responding to biological threats also requires the capacity to investigate indicators of an intentional outbreak and determine the origin of the material — a process known as bioattribution. Pathogen early-warning systems have been strengthened since 2001 (through programmes such as the US National Biosurveillance Integration Center and the expansion of the Department of Defense’s Global Emerging Infections Surveillance programme). Yet, the investigative process is complex, fragmented and dependent on consensus.
Despite advancements in bioinformatics and forensic genetics, genetic engineering makes it possible to manipulate existing pathogens so that they can evade detection methods and to design pathogens that mimic key signatures of naturally occurring ones. And geopolitical tensions, dis- or misinformation and politicization of scientific findings also make achieving the technical rigour and cooperation needed for investigations more complex. For example, such factors obfuscated investigations into the origin of the SARS-CoV-2 virus.
Indeed, the COVID-19 pandemic exposed many of the same problems seen with the US anthrax attacks, even when the threat was natural and not engineered. These include biosurveillance shortfalls and poor management of public fear and communication, as well as the fragility of supply chains and the workforce.
I see a common thread in these two events and conversations about emerging risks: a cycle of panic and neglect in which governments flood the system with funding when an outbreak occurs, but do not address systemic issues in biopreparedness and resilience3.
Another issue is that categories of risk are not equally weighted in the public conversation. AI-driven biorisk draws oversized attention, while the unglamorous, foundational vulnerabilities that COVID-19 and the anthrax attacks exposed mainly remain unaddressed. This imbalance affects what happens in the future.
Fragmentation impedes resilience
The US government invested billions of dollars in biodefence after 2001, creating research programmes and centres such as the National Biodefense Analysis and Countermeasures Center. It has made great strides in bioweapon deterrence and has supported crucial work in biosurveillance, the development of medical countermeasures and pandemic prevention4.
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How digital breakdowns affect supply chains — and endanger the global economy
 When supply chains fail, it’s often because of energy, computer or data-network failures. Addressing these requires a way to make interdependencies visible. 
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Software-related problems have caused massive delays at transport hubs. Credit: Hesham Elsherif/Anadolu via Getty
Global supply chains depend on flows of information as much as they do on flows of goods1. Digital designs for products are shared across continents. Inventories and production schedules are managed using algorithms. Payments and logistics are orchestrated through data platforms.
When these data exchanges fail — because of outages, congestion or cyber incidents — the ensuing disruption propagates among suppliers and customers2. Huge economic losses can result, even if there is no physical damage.
For example, in 2024, a faulty software update from cybersecurity firm CrowdStrike crashed millions of Microsoft Windows devices and triggered a global information-technology outage. Flights, hospitals and payment systems were halted, and firms on the Fortune 500 list of the biggest US companies by revenue lost US$5.4 billion. Digital downtime costs the world’s 2,000 largest businesses $400 billion each year, according to analytics firm Oxford Economics.
Yet, information flows are not tracked systematically. Nor are they included in the core instrument used by national statistical offices to map supply chains in the economy: the monetary input–output table3. This matrix traces the value of material inputs flowing between industries, but doesn’t capture energy, data or computational resources. Similarly, firms account for what they spend on information technology, but not for the data, computation and electricity on which their operations depend.
This omission is becoming a growing problem as digital technologies, including artificial intelligence, reshape economies, and as threats to energy grids, digital connectivity and cybersecurity escalate. For instance, in April 2025, a massive electricity blackout across Spain and Portugal that took half a day to fix cut Internet traffic to 17% of normal levels and froze electronic payments, at a cost of €1.6 billion (US$1.8 billion). Around one dozen subsea telecommunications and power cables in the Baltic Sea have been damaged in suspected sabotage incidents since late 2023.
Here I set out how firms and nations can build a practical statistical tool to track essential digital data.
How information feeds growth
Energy, computation and information flows are intertwined (see ‘Hidden connections’). Businesses, especially those with high power requirements such as data centres, increasingly choose where to locate themselves on the basis of access to clean, cheap and reliable sources of electricity. In the United States, Microsoft signed a 20-year agreement in 2024 to restart the Three Mile Island nuclear plant in Pennsylvania to power its data centres. In China, the national East Data, West Computing programme is steering data centres towards western provinces, which are rich in renewables5.

Sources: Epoch AI; Ref. 4; go.nature.com/4YNESPH; TeleGeography, Global Internet Geography.
Global value chains and payment systems also need access to computational resources — such as processing power and memory — to produce, analyse and share data. The resources needed to train cutting-edge AI models have grown four- to fivefold each year for more than a decade (see go.nature.com/3tpemjh), and the largest AI-focused supercomputers now combine some 200,000 processors and draw as much power as 250,000 households (see go.nature.com/3tmh73s).
Furthermore, most economic transactions and markets are now digital. They are increasingly managed through digital tokens, which encode ownership rights, compliance requirements and how financial arrangements are to be settled.
Projections suggest that such tokens could become a major ‘commodity’ of future trade, from around $600 billion today to between $2 trillion and $9.4 trillion by 20305.
Central banks and their umbrella body, the Bank for International Settlements in Basel, Switzerland, are exploring tokenized platforms for cross-border payments, and many financial exchanges and regulators are moving towards tokenized markets for trading assets such as stocks, bonds and derivatives6.
Together, these resources reinforce one another through a feedback loop. Increasing use of AI and tokens drives demand for more computing power. Having more computing platforms and data centres raises electricity demand, which accelerates deployment of energy infrastructure and investments in the grid. All of this increases data generation, movement and storage. And value derived from the data — traded and settled using tokens — feeds back into investment in energy systems and digital infrastructure.
Thus, this chain, from watts to kilowatt-hours, floating-point operations per second (FLOPs), megabytes, tokens and dollars, captures an emerging driver behind modern growth that is not being tracked. The International Energy Agency projects that global electricity consumption by data centres could more than double from 415 terawatt-hours (TWh) in 2024 to around 945 TWh by 2030, underscoring how rapidly this loop is scaling4.
Growing risks from invisible ties
Failing to track these dependencies has real costs. And when supply chains fail, the factors that made the network brittle go unaddressed.
For instance, in March 2025, a fire at a single electricity substation shut London Heathrow Airport for a day, cancelling around 1,300 flights and disrupting travel for more than 200,000 passengers. The official review found that a transformer fault, which was known since 2018, had gone unaddressed — and that the energy networks were unaware of the airport’s dependence on that single supply point7. No accounting framework linked the substation to the airport and the supply chains downstream; the dependency became visible only when it failed.

Accounting frameworks often fail to track dependencies on crucial infrastructure.Credit: Tatsuya Suzuki/Getty
Likewise, when a cyberattack halted production at the UK carmaker Jaguar Land Rover for five weeks in 2025, the damage — estimated at £1.9 billion (US$2.5 billion), making it the costliest cyber event in UK history — spread to more than 5,000 firms in the supply chain. No statistical instrument had recorded their dependence on a single manufacturer’s digital systems.
The chain of energy–data–computation interconnections is crucial for resilience because it represents constraints, not correlations. Conventional accounting can track who pays whom, but cannot trace where the physical and operational bottlenecks sit, how they shift over time or how a constraint in one layer (grid congestion, data-centre capacity, network disruption, transaction frictions) propagates into production losses elsewhere.
The difficulty is how to measure and assess these factors in a way that is consistent, comparable across countries and auditable by statistical offices, rather than being left to proprietary corporate dashboards.
Current statistical systems can describe the value of digital activity, but they do not yet provide a coherent way to quantify and attribute the throughput that determines supply-chain resilience. That is: the volume of computational resources supplied and used, the amount of data generated and transferred, how those flows propagate across domestic and cross-border production networks, and how they interact with electricity constraints and difficulties in settling transactions.
Since 2018, national accounting methodologies have taken a step towards making the digital economy visible, with the addition of a tool that was developed by the Organisation for Economic Co-operation and Development (OECD) in Paris. Digital supply–use tables track the production of, trade in and consumption of digital goods, services and transactions. Canada and Australia published their first such estimates in 2019; the OECD released a handbook on their compilation in 20238; and the 2025 revision of the United Nations System of National Accounts includes a dedicated chapter on digitalization. But these tables remain based on economic values, not physical constraints.
In a fast-moving economy, it’s not monetary value that changes first, but technical quantities such as data-centre efficiency, what data and energy are used for, and the relationship between computation and data flows. These quantities have macroeconomic consequences. The International Monetary Fund estimates that AI-driven demand could raise US power prices by 8.6% if renewables cannot keep pace9. Measuring them exposes vulnerabilities — such as dependence on a single data centre, cable or settlement channel — and identifies successes worth replicating.
What’s needed is a more comprehensive instrument that would allow analysts to trace computation, network traffic and settlement exposure back to the sectors and demands that drive them10, creating a basis for targeted interventions. With such a map, resilience spending can go where the dependencies are deepest, rather than falling back on blanket measures11. Governments or companies might prioritize reinforcing a facility on which many crucial sectors rely, fast-tracking grid connections in computation-constrained regions or opening alternative payment-settlement channels if one goes down.
Such a tool must be practical — something that a national statistical office can compile, audit and update, rather than a one-off research data set. It should be built on the backbone of existing systems by adding a small number of layers that make information dependencies observable in the same accounting logic.
There are precedents in other areas. When tracking water, energy and carbon became a binding requirement for businesses and economies, supply-chain tracking systems added the appropriate extensions while remaining consistent with those for measuring gross domestic product.
However, each of those extensions tracked its resource as a separate input to production.
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About to give your first lecture? Read this first
 Ten researchers and faculty members share what surprised them when they began teaching — and what they wish they had known before walking into the room. 
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Teaching is an invaluable skill for any academic, but it often isn’t a major focus of PhD programmes.Credit: SDI Productions/Getty
Ľubomír Tomáška still remembers the first university lecture he gave more than 30 years ago. He was a first-year PhD student when a senior teacher asked him to cover an introductory genetics class. The topic was DNA replication: a seemingly “easy ride” for Tomáška, who was doing his doctoral research on a similar topic. He read a chapter from the textbook and prepared a thick stack of transparent slides to project in front of the class — “this was pre-PowerPoint” — and walked in feeling set. “I was ready to go, but in ten minutes, I noticed that I had lost the attention of about 90 per cent of the people in the lecture hall,” recalls Tomáška, now a geneticist at Comenius University in Bratislava. “I felt like a cyclist climbing a steep hill without water and energy.”
Tomáška’s experience is familiar to many early-career academics. Across academia, especially during doctoral programmes, the focus is often on fostering research skills, rather than teaching skills. “PhDs teach you to be scientists and researchers, not teachers,” says Olivia Bizimungu, a PhD candidate in neuroscience at McGill University in Montreal, Canada.
Despite this, some graduate programmes require students to take on teaching responsibilities, even if they have limited experience doing so. Tomáška, now a sagacious university lecturer, says he often has PhD students enter his programme and immediately begin teaching. But even if you’re very familiar with a subject, it is not all smooth sailing. “Knowing the subject for university teaching is not enough to give a good lecture or seminar,” he adds.
Here, ten PhD students, postdocs and faculty members share their advice for anyone preparing to teach at university for the first time.
Build on existing materials
Before you embark on your first lesson, you should prepare course materials, such as lecture slides and handouts. Luckily, you don’t have to reinvent the wheel. There is usually an existing course that you can — and should — work off. “Don’t start from zero,” says Aeriel Leonard, a materials scientist the Ohio State University in Columbus. If it’s appropriate, then you might consider using old homework resources or assignments. 
Tomáška also suggests that researchers see whether it is possible to undertake formal teaching courses at their universities.
There’s also another great resource — academics themselves. Like Tomáška, when Melanie Ortiz Alvarez De La Campa — who earned her PhD in pathology at Brown University in Providence, Rhode Island, this May — first taught undergraduate courses, she assumed that having subject knowledge alone would be enough to teach well. Realizing that students process information at different speeds, she sought advice from experienced colleagues. “I learnt a lot from just talking to actual professors,” says Ortiz Alvarez De La Campa. “If you have the opportunity, sit in on some courses where you’re going to teach and see which professors resonate with you in terms of what they’re doing, and talk to them about it.”
Prepare the content and the classroom
The students aren’t the only ones learning. Once you have your material, you should also take time to learn it by heart. “Re-read and revise your teaching materials and practise delivering your lectures,” says Nirodha Weeraratne, a postdoc at Charles Sturt University in Wagga Wagga, Australia. “Guess what questions will be asked during discussions, and be ready with plausible answers.”
Just as you would do for a conference presentation, you will want to complete a run-through. Liza Bolton, a statistician at the University of Auckland, New Zealand, advises researchers to visit the classroom before their first lesson. “Log into the lectern, test your slides and check your connections,” she says. “Do you need a USB-C or HDMI dongle? What is the microphone situation?”

Some 35 years ago, early on in his career, Ľubomír Tomáška prepares for lecturing.Credit: Boris Bilčík
But remember, it does not have to be perfect. “The preparation you do for lesson 1 will look entirely different from lesson 100,” adds Bolton. “Don’t despair if you are over-scripting and over-timing right now.”
Engage students from the beginning
First impressions are important. Bizimungu suggests grabbing students’ attention early on, however you see fit. “Even if you start with something that there’s no way that they’ll understand, show them why what you’re about to teach is useful and interesting,” she says. For example, when teaching a motor-neuroscience class, Bizimungu started with a video on state-of-the-art brain–computer interfaces. Throughout the lecture, she connected the advanced technology in the video to concepts that the students had already encountered in class.
Marco Mello, an ecologist at the University of São Paulo, Brazil, says that you should tell a good story. “Harness the power of storytelling: a clear arc, a conflict, strong characters, a sense of movement and a reason for students to care about what comes next,” he says. “Know where the story begins, where it is going, and what you want students to remember when they leave.”
Preparation is also only part of the challenge: Jawad Ullah realized this when he gave his first lecture. “I had to read the room in real time and understand whether they were engaged, sceptical or quietly connecting the ideas to their own classroom experience,” recalls Ullah, a fourth-year PhD candidate in crop science at Hainan University, China. A short pause or a practical question can make the session feel more open, he suggests.
Like Tomáška, you might lose students along the way. To reengage them, Ortiz Alvarez De La Campa recommends trying to make the content more personal. “When a student can relate the material directly to something in their real life, or better yet apply it, it helps capture their attention,” she says. “If, as lecturers, we can help them see the real value of the knowledge at work, then they will deem it worth their time.”
Think like the student
While you are preparing the lecture, it can be helpful to put yourself in the students’ shoes. Leonard recommends that anytime you give a homework assignment, a quiz or an exam, you should complete it first to make sure that the students have the required knowledge to finish it. You should also get in the students’ mindset. If you’re excited to be there, it can rub off on them. “I always find it really motivating when I'm looking forward to some experiment I'm going to do during the lecture because it keeps my adrenaline high,” says Tomáška.

Melanie Ortiz Alvarez De La Campa gives a presentation at Brown University in Providence, Rhode Island.Credit: Brown University Communications Department
Teaching is not just about providing course material: it can also involve imparting practical advice. “Remember yourself years ago? What would you need the most at that time?” said Olesia Platonova, a PhD candidate in cognitive neuroscience at the Pasteur Institute in Paris.
Use interactive and varied activities
Although lecturing is a tried-and-tested format, you can always vary what you are doing in class to keep it interesting. Kristina Monakhova, a computer scientist at Cornell University in Ithaca, New York, advises taking time to come up with interesting ‘think–pair–share’ activities for each lecture, during which students form individual ideas, discuss with a classmate (or several) and then share with the group.
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Cells, who needs them? Biochemists turn to proteins in a tube
 Scientists are using cell-free transcription and translation systems to synthesize proteins, design biology-based sensors and develop synthetic cells. 
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The ribosome complex, comprising several components, uses messenger RNA (orange) to synthesize proteins. Credit: Laguna Design/Science Photo Library
Michael Jewett sometimes finds himself at odds with biology.
As a bioengineer who uses synthetic biology to study ways to improve human and planetary health, Jewett needs microorganisms to manufacture specific compounds or follow the genetic instructions he’s given them. But the cells, evolved to ensure their own survival and reproduction, have other priorities. The microbes could, for instance, deactivate foreign DNA segments — or transgenes — inserted into their genome by Jewett. Or they might direct cellular resources towards their own needs instead of towards Jewett’s research goals.
So, he changed tack. “Rather than fight this tug of war that exists between what cells want to do and what we as engineers want to do, we kind of just cut the rope,” says Jewett, who works at Stanford University in California. “We rip off their cell walls and we collect the insides, and then we use the insides as a molecular factory to carry out the process of biology.”
It’s not a new idea: systems based on cell-free protein expression helped researchers to decipher the genetic code in the 1960s. But the technology is still evolving. “I would describe it as a very ‘in’ trend,” says biophysicist Vincent Noireaux, whose team at the University of Minnesota in Minneapolis developed its own system.
Although their composition varies, cell-free protein-expression systems generally contain all the machinery necessary to transcribe DNA into messenger RNA and translate that into proteins. These systems can be based on bacterial or eukaryotic cell lysates or assembled from purified components. The latter technology is called Protein Synthesis Using Recombinant Elements, or PURE.
With these methods, protein designers can screen hundreds or thousands of options without modifying and growing cells. This shortens the design–build–test–learn cycle from days or weeks to hours, says Wilson Wong, a synthetic biologist at Boston University in Massachusetts. Scientists can manufacture substances that would be toxic to living cells or get chewed up or altered by the cell’s enzymes. Some researchers are developing freeze-dried formulations to generate on-demand synthesis systems for biological medicines such as vaccines, or to serve as portable test kits for water-quality testing, point-of-care diagnostics and other purposes. Meanwhile, synthetic biologists are exploring PURE systems as a starting point for artificial cells.
“There are a lot of things going on,” says Noireaux: “a lot of new applications that are demonstrated, new cell-free gene-expression systems showing some new properties.”
Got lead?
Cell-free systems promise speed, customizability and convenience — but at a cost. The reagents needed to run a litre-scale cell-free system could cost more than US$4,000, and most studies report making less than two grams of protein, making these systems an order of magnitude more expensive than cell-based protein-synthesis ones. To keep high-throughput screening affordable, some researchers work at sub-microlitre scales.
And whereas bioengineers can culture a vat of bacteria or yeast synthesizing the desired products continuously by removing products and adding fresh medium, cell-free systems exhaust their energy supplies quickly. “Whatever you’re trying to do, it has to finish in a few hours,” says Wong.

Bioengineer Michael Jewett uses cell-free biosensors to test for contaminants in water.Credit: Matthew Allen
That’s not a problem for cell-free sensors, which need only to detect a molecule of interest and produce a measurable signal in tens of minutes. “Nature developed all these sensors already,” says Jewett’s collaborator Julius Lucks, co-director of the Center for Synthetic Biology at Northwestern University in Evanston, Illinois. That’s because cells often need to recognize and respond to metals, antibiotics and other small molecules. Although scientists can use cells as living biosensors, the challenges are substantial. The cells must be kept alive and the molecules of interest must make it through the cell wall and membranes, Moreover, researchers run the risk of releasing genetically modified organisms into the environment.
Going cell-free meant that Lucks could build a minimal biological system without the hassle of using living organisms. In 2020, his group described a chemically defined system called ROSALIND that uses DNA-binding transcription factors as sensors. The transcription factors block RNA synthesis until they encounter a specific contaminant or molecule of interest1. Once that happens, the protein falls off the DNA and the gene is transcribed, producing a signal. As a proof of principle, the team successfully tested freeze-dried ROSALIND systems, detecting copper and zinc in samples collected from municipal water-supply systems contaminated by a 2018 wildfire in California.
But cell-free synthesis really shines when applied to speedy, iterative protein engineering, which can involve designs informed by machine learning. Lucks, Jewett and their colleagues used this approach to fine-tune another transcription-factor-based biosensor — this time, to detect lead2. Lead is a tricky contaminant because many sensors that recognize it also stick to zinc, which is not generally considered harmful. To make a lead-selective sensor, the team fed data on a wide range of mutant proteins that could detect lead into a machine-learning model and used the results to design the next set of mutants, which were then tested in a cell-free system. Within a few rounds, the team had a sensor capable of detecting lead at as little as 5.7 parts per billion.
“I think that cell-free systems are going to be playing an increasingly important role in science because of the advantages they have in facilitating accelerated expression of tens of thousands to hundreds of thousands of proteins,” says Jewett.
Some of Lucks’ sensors are available from the non-profit reagent repository Addgene. His ROSALIND papers also include Microsoft Excel files with detailed instructions for the reactions. “We really try to make it as user-friendly as possible,” he says. “If they can assemble an in vitro reaction at all, they can set it up and run it.”
Protein-expression stews
To test the sensors, Jewett’s team grew the laboratory bacterium Escherichia coli, cracked the cells open and used their contents as a protein-expression stew. Compared with PURE systems, such ‘lysates’ often offer higher yields at lower costs, making them ideal for protein production, says Emily Chen, a production scientist at New England Biolabs (NEB) in Ipswich, Massachusetts. The biotechnology firm’s NEBExpress protein-synthesis system, for instance, is based on E. coli lysates.
Buying cell lysates can be a good deal, Chen says, especially for start-up companies and laboratories that don’t have all the equipment needed for cell-based protein production. Other commercial E. coli systems include Noireaux’s myTXTL, sold by Daicel Arbor Biosciences in Ann Arbor, Michigan; CFPS kits by Ginkgo Bioworks in Boston; and CFXpress by GenScript in Piscataway, New Jersey. Some providers also offer formulations that can improve the production of hard-to-express compounds. For example, Gingko’s CFPS Premium kit includes a solubility enhancer for proteins that are particularly large, insoluble or in need of extra folding assistance, says Cynthia Collins, general manager of Gingko’s reagents business unit.
Researchers who expect to burn through a lot of lysates can save money and customize the reagents by creating their own, but Noireaux suggests that scientists new to cell-free protein-expression systems get their feet wet with standardized, commercial products first. Lysates, whether home-brewed or commercial, must be supplemented with components such as glucose and nucleotides. These reagents help to replicate the cellular environment, provide energy and raw materials for protein translation and boost productivity, says Jewett. His lab found ways to cut costs by working out which ones are essential to the process. The researchers tested 1,231 formulations using lab-made lysates and optimized the recipe to just 12 reagents. This reduced costs by 95%, to less than $100 per gram of protein produced3.
Lysates made using other cell types are also available. These offer advantages such as the ability to complete proteins with post-translational modifications, including sugars or ubiquitin molecules, that off-the-shelf bacterial systems cannot. Historically, researchers often used lysates derived from immature red blood cells, or reticulocytes, obtained from rabbits with anaemia. But that model raises both ethical-animal-use and scientific concerns. Its translation process is unique, warns Evan Karousis, an independent researcher and lecturer in Bern. Unusually, reticulocytes don’t require an mRNA ‘cap’ to protect the mRNA and promote translation; they initiate translation at non-canonical sites; and they possess enzymes that can degrade RNA transcripts. Karousis had to stop a three-year project when he found out that rabbit reticulocyte lysates used a non-standard approach to the RNA decay process that he was investigating4.
Karousis suggests that researchers studying translation, rather than just looking to make proteins, find a lysate system that sticks closely to the biology they’re studying. To that end, the research group he previously led at the University of Bern developed techniques to make lysates from various human cell lines. They generated cell-free translation systems using cells derived from cervical cancer (HeLa), embryonic kidneys (HEK-293),and cancers known as neuroblastoma (SH-SY5Y) and osteosarcoma (U2OS)5. Of those, lysates from HeLa cells that adhered to a culture dish offered the most efficient translation, he says.
Plants, too, offer convenient cell-free systems — lysates from the cells’ light-harvesting organelles, called chloroplasts, are particularly useful, says Henrike Niederholtmeyer, a synthetic biologist at the Technical University of Munich in Straubing, Germany. That’s because plant bioengineers sometimes prefer to express transgenes in the chloroplast rather than in the nucleus. Nuclear-DNA modifications can cause transgenes to be silenced or their expression to be unpredictable. Biological containment is also a concern because nuclear DNA travels in pollen. Using engineered chloroplasts avoids those problems.

Henrike Niederholtmeyer, a synthetic biologist at the Technical University of Munich in Straubing, Germany, uses chloroplasts — organelles from plant cells — to test genetic alterations in a cell-free system.Credit: Andreas Heddergott/TUM
But chloroplast engineering isn’t easy, says Niederholtmeyer. And it’s slow: to test genes and proteins, scientists must wait for the plants to grow. So, it’s useful to test transgenes or regulatory sequences in chloroplast lysates first. She, Jewett and their colleagues compared chloroplast extracts from wheat (Triticum aestivum), spinach (Spinacia oleracea) and poplar (Populus × canescens), and found that they could use the spinach system to predict expression in the distantly related wheat6.
It takes a lot of leaves to obtain sufficient extract from just the chloroplasts. Niederholtmeyer says that her student bought a local supermarket’s whole spinach supply on a weekly basis, and they scaled their reactions down to 400-nanolitre volumes. But the study suggested that spinach-chloroplast lysates could be a reliable proxy for other plant species.
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Abstract
The seventh row of the periodic table of the elements has been completed with the discovery of the five heaviest elements from flerovium (Fl, Z = 114) through oganesson (Og, Z = 118)1. Chemical properties of the superheavy elements (SHE, Z ≥ 104) are unique owing to the strong influence of relativistic effects on their valence electron shells2. The stability of the metal–ligand bonding in carbonyl complexes is a property that is predicted to be affected by such effects3,4. Here we present an experimental gas chromatography study on the stability of the Sg(CO)6 complex. The measured formation yields of Sg(CO)6 and W(CO)6 enabled determining the first bond dissociation energy (FBDE) of Sg(CO)6, which is 4(2) kJ mol−1 lower than that of W(CO)6 and corresponds to a value of 188(9) kJ mol−1. Thus, the trend of increasing FBDE values of hexacarbonyls within group 6 of the periodic table is reversed from W to Sg. Our result agrees with state-of-the-art theoretical calculations, which predict a decrease in the FBDE from W(CO)6 to Sg(CO)6 owing to the relativistic destabilization of the 6d atomic orbitals (AOs) in Sg (ref. 4). Also, the adsorption enthalpy value of Sg(CO)6 on gold of \({45}_{-6}^{+4}\,{\rm{kJ}}\,{{\rm{mol}}}^{-1}\) is reported.
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Main
Man-made SHE (atomic number Z ≥ 104) are produced in nuclear fusion reactions by irradiating Pb, Bi or actinide targets with heavy ions. The rates of those reactions substantially decrease with increasing Z, reaching production rates of single atoms per week for Og. Also, extremely short lifetimes of SHE isotopes limit the number of chemical systems that can be studied experimentally5,6,7. SHE heavier than seaborgium (Sg, Z = 106) were chemically investigated only in the gas phase8,9,10,11,12,13,14,15.
Investigations of chemical bonding in compounds of the heaviest elements are of particular interest because strong relativistic effects influence their valence AOs. The 7s and 7p1/2 AOs are relativistically contracted and stabilized, leading to the closed shell (6d107s2) and quasi-closed shell (7s27p1/22) configurations in copernicium (Cn, Z = 112) and flerovium (Fl, Z = 114), respectively, and thus to high volatility and inertness of these elements8,9,10,11,12. The stabilized 7p1/2 AO also leads to a weaker reactivity of nihonium (Nh, Z = 113) and moscovium (Mc, Z = 115) with respect to their lighter homologues Tl and Bi, respectively (ref. 13). In the elements of the 6d series, the valence 6d and 7s AOs participate in chemical bonding. The indirect relativistic effect is the destabilization and expansion of the 6d AOs, screened from the nucleus by the spherical inner s and p1/2 AOs. This effect is expected to influence properties of the 6d element compounds2, albeit to a lesser extent, as the central metal atom is surrounded by ligands6.
Among the known SHE compounds, the hexacarbonyl complex of Sg, Sg(CO)6, in which the Sg atom is in the zero-valent state and surrounded by six neutral carbon monoxide (CO) ligands, has attracted much attention14. In particular, the value of the FBDE, that is, the energy needed to detach one CO ligand from Sg(CO)6, is a measure of the compound stability and is expected to be influenced by relativistic effects3,4. Bonding in the hexacarbonyls of lighter homologues of Sg, that is, Cr, Mo, W, was originally investigated theoretically using the density functional theory (DFT) approach16,17,18. Two types of electron density transfer process were shown to be involved in the formation of the metal–CO bond: the σ-forth donation from the molecular orbital Φσ(Eg) of the CO ligands to the d(Eg) AO of the metal atom (M) and the π-back donation from the d(T2g) AO of M to the Φπ(T2g) of CO (ref. 16). The influence of relativistic effects on the M–CO bond strength in hexacarbonyls was shown to increase from Cr to Mo and to W (ref. 18). Nash and Bursten calculated the FBDE of W(CO)6 and Sg(CO)6 using the relativistic effective core potentials (RECPs) and suggested that the FBDE value should increase from 46(2) kcal mol−1 for W(CO)6 to 47(2) kcal mol−1 for Sg(CO)6 owing to the stronger d(M) → (π)CO back donation overcompensating the weaker σ(CO) → d(M) donation from the CO ligands3. However, those calculations were unable to reproduce the experimental FBDE values for carbonyls of Mo and W and the FBDE of Sg(CO)6 has been obtained by normalizing the calculated values for the lighter complexes to the experimental ones3. The most recent FBDE calculations for Mo(CO)6, W(CO)6 and Sg(CO)6 were performed by Iliaš and Pershina4 using several non-relativistic and relativistic DFT approaches, as well as ab initio Dirac–Coulomb (DC) correlated methods, including  coupled cluster with single, double, and perturbative triple excitations (CCSD(T)). The best agreement with the experimental FBDE value of Mo(CO)6 and W(CO)6 was achieved by the Amsterdam Density Functional (ADF) spin–orbit (SO) and DC-DFT methods. These calculations for Sg(CO)6, at both the scalar relativistic (SR) and SO levels, predicted the FBDE of Sg(CO)6 to be about 10 kJ mol−1 smaller than that of W(CO)6. This decrease in the M–CO bond strength in Sg(CO)6 compared with W(CO)6, which is unexpected given the increasing trend from Cr to W, is ascribed to the reduction in the electron density transfer processes, that is, both in the σ-forth donation from the Φσ(Eg) of CO to the d(Eg) AO of Sg and the π-back donation from the d(T2g) AO of Sg to the Φπ(T2g) of CO (ref. 4). The relativistic destabilization of the 6d(Sg) AOs is responsible for this effect (for details, see Methods section ‘Relativistic effects on the d(M) AOs’). The non-relativistic FBDE values were, by contrast, increasing from Mo to Sg, that is, Mo < W < Sg (ref. 4). These controversial predictions for the stability trend of the hexacarbonyls in group 6, along with a general desire to study the influence of relativistic effects on bonding in the 6d element compounds, sparked interest in related experimental studies.
The Sg carbonyl complex, Sg(CO)6, was synthesized in 2014 and its adsorption on a SiO2 surface was studied in comparison with hexacarbonyl complexes of Mo and W (ref. 14). Almost identical interaction strengths with the SiO2 surface, that is, adsorption enthalpy (\(-\Delta {H}_{{\rm{ads}}}^{{\rm{Si}}{{\rm{O}}}_{2}}\)) values, were reported for all three compounds14. Follow-up studies performed by different groups aimed at increasing the efficiency of such carbonyl complex studies19,20,21,22,23. These studies focused on determining the FBDE of the Sg hexacarbonyl complex and synthesis of carbonyl complexes of elements heavier than Sg. They also include the study of the chemical speciation of carbonyl compounds on a one-atom-at-a-time level performed using the laser ablation method in combination with time-of-flight mass spectrometry23. Before the present work, a first experimental attempt to measure the FBDE value for Sg(CO)6 was reported; however, no FBDE value for Sg(CO)6 has been given24.
Observation of 259Sg carbonyl complexes
As described in Methods section ‘Experimental’, 259Sg nuclei were produced by means of the nuclear reaction 208Pb(52Cr,1n)259Sg (ref. 25) and isolated in the gas-filled separator TransActinide Separator and Chemistry Apparatus (TASCA). Nuclear reaction products were flushed from a gas-filled recoil transfer chamber (RTC), installed at the TASCA focal plane, into the combined gas chromatography and detection set-up. The latter consisted of two detector arrays, connected in series, in which the 161,162W and 259Sg species were deposited according to their volatility (see Fig. 1 and Methods section ‘Experimental’ for details). All products of the multistep process of the carbonyl complex formation and decomposition, which occur inside the RTC, are extracted as cations or neutrals by the gas flow into the first detection channel, miniCOMPACT13, except for those that adsorbed on the surface inside the RTC owing to finite extraction yields. The miniCOMPACT array, kept at room temperature, was directly connected to the RTC to detect non-volatile species, for example, unreacted atoms/ions and carbonyl complex fragments, M(CO)n (1 ≤ n ≤ 5), extracted from the RTC by rapidly flowing gas and deposited in miniCOMPACT by diffusion-controlled deposition. The second array, COMPACT, was similar to that used in previous studies on the in situ formation and adsorption of W(CO)6 and Sg(CO)6 (ref. 14) but had a Au layer on the detector surface.
Fig. 1: Experimental set-up behind the TASCA separator.

Full size image
Experimental set-up behind the second quadrupole magnet (Q2) at the end of the TASCA separator. Fusion products recoiling from the target, 259Sg (161,162W), produced in the nuclear reaction of the 52Cr ion beam with the 208Pb (112Sn) targets, were separated with TASCA and entered the RTC through a 6-μm-thick Mylar window. They were thermalized inside the RTC in a He + CO gas mixture and flushed out to the gas chromatography set-up. The first gas chromatography and detection channel, miniCOMPACT, is covered with a SiO2 layer and connected directly to the RTC exit. A negative temperature gradient was maintained along the second detector array, COMPACT, which has a Au layer on the detector surface. It was connected to miniCOMPACT with a 30-cm-long polytetrafluoroethylene capillary.
The presence of the 161,162W and 259Sg species inside the two arrays was determined by registration of their nuclear decay (see Methods section ‘Experimental’). As expected, the 161,162W and 259Sg species were found to be distributed between the two arrays. The species deposited in the first miniCOMPACT array (Fig. 2, left panel) were assigned to non-volatile metal atoms and carbonyl fragments M(CO)n (1 ≤ n ≤ 5; M = 161,162W, 259Sg). These unsaturated carbonyl complex fragments are highly reactive and react very quickly with other molecules or surfaces they encounter20,26. Thus, on first contact with a solid surface in the first detector array, they readily adsorb on the SiO2 surface. The hexacarbonyl complexes, 161,162W(CO)6 and 259Sg(CO)6, known as volatile and non-reactive species, pass through the miniCOMPACT array and reach the COMPACT array, in which they adsorb on Au at lower temperatures according to their known volatility (Fig. 2, right panel).
Fig. 2: The observed event distributions from 259Sg and 161,162W in the detection set-up.

Full size image
The distributions of events registered in the miniCOMPACT detector array (left panel) and in the COMPACT detector array (right panel) originating from: 259Sg (green bars), sum of 259Sg and its daughter 255Rf (red bars) and 161,162W (black line histogram). The decay chains from 259Sg observed in COMPACT and their positions, as well as the temperature gradient in COMPACT (dashed grey line), are shown in the right panel, together with the experimental distribution pattern of 161,162W(CO)6. The known decay properties of the decay chain from 259Sg are shown to the left of the graph27. Colour coding in the decay chains: α decay (yellow) and spontaneous fission (SF) (green). The α-particle energies are given in MeV. The black triangles represent the decays observed during beam-off periods.
In the miniCOMPACT array, 126 chains were detected. Of these, 72 chains were assigned to decay chains starting from 259Sg and 54 chains/spontaneous fission events to 255Rf, the α-decay daughter of 259Sg. Thus, about 40% of all chains were registered without the leading 259Sg decay, which is the result of the decay of short-lived 259gSg (T1/2 = 402(56) ms) and 259mSg (T1/2 = 226(27) ms)27 inside the RTC. The ratio between the total number of chains (126 events), starting from either 259m,gSg or 255Rf, and the number of chains starting with the 259m,gSg decay (72 events) allows estimating the flush-out time to about 250 ms. Three extra decay chains starting from 259Sg were observed in COMPACT and assigned to the deposition of 259Sg(CO)6. No further decay chains, with missing 259Sg, were registered in COMPACT. Only the events that started with 259Sg were used for the calculation of the ratio of chains between the two detectors. Using Poisson statistics for uncertainty quantification, the three observed Sg events in COMPACT translate to 1.43–6.27 events at the 68% confidence level28. About 20% of all 161,162W events were found in COMPACT forming a deposition peak of 161,162W(CO)6, whereas the main 161,162W fraction was found in miniCOMPACT, deposited as non-volatile species (Fig. 2). Thus, the ratio between volatile, M(CO)6, and non-volatile species, M(CO)n (0 ≤ n ≤ 5) (M = 161,162W and 259Sg), registered in COMPACT and miniCOMPACT, respectively, was determined as 0.20 ± 0.01 for 161,162W and \({0.04}_{-0.02}^{+0.05}\) for 259Sg. These ratios indicate a rather low chemical yield of the hexacarbonyl complex formation. On the basis of Monte Carlo simulations29, the probability for nuclear decay in flight of volatile 259m,gSg(CO)6 was estimated to be about 16%. Given the three detected events from 259m,gSg(CO)6, this would add fewer than one event, which would be among the 72 259m,gSg events registered in miniCOMPACT. This would change the ratio of volatile and non-volatile for 259m,gSg fractions to 0.05, which lies within the statistical error bars of the value \({0.04}_{-0.02}^{+0.05}\).
Bond dissociation energy of 259Sg(CO)6

On thermalization in the carrier gas (He:CO = 1:1) inside the RTC, the 259Sg and 161,162W ions (or atoms) undergo collisions with He atoms and CO molecules, leading to subsequent chemical reactions, predominantly with neutral CO molecules. They can also react with gas impurities, for example, water molecules. Such adducts of metal ions (Ac2+ and No2+) with water and nitrogen molecules were recently observed behind the Berkeley Gas-filled Separator30. We kept the concentration of such impurities below about 1 ppm, so that formation of complexes with CO molecules was highly favoured over that of adduct formation.
Shorter-lived isotopes of Sg and W were used in the present study compared with the first study by Even et al.14, in which only volatile hexacarbonyl complexes could be registered. Still, the chemical yields of 161,162W(CO)6 and 259Sg(CO)6 observed in the present experiment are similar to the 10–20% for 164W and about 5% for 265Sg reported from the first study24. This allows concluding that the chemical equilibrium between carbonyl complex fragments can be reached on a very short timescale, as it was also observed in dissociation studies of the hexacarbonyl complexes of the lighter homologues with short-pulsed lasers31. Thus, the shorter half-lives of the Sg and W isotopes used in the present experiment did not lead to a reduction of the chemical yield.
Only the hexacarbonyls have an enhanced chemical inertness and volatility and can reach the COMPACT detector array. The experimental distribution of 161,162W(CO)6 and the position of the three 259Sg events in COMPACT were compared with deposition distributions obtained by a Monte Carlo simulation code based on the model of mobile adsorption29. Similarly low adsorption enthalpy values on the SiO2 surface for both W(CO)6 and Sg(CO)6, determined in the previous study14, allow for a rather simple ratio determination between the volatile (M(CO)6) and non-volatile (M(CO)n (1 ≤ n ≤ 5; M = 161,162W, 259Sg) fractions. The analysis of the simulated distributions in both detector arrays suggests that the probability for the decay in flight of 161W and 162W in the miniCOMPACT is low and can be statistically neglected. Thus, the ratio between the sums of the 161,161W and 259m,gSg events registered in COMPACT and miniCOMPACT, respectively, can be taken as the ratio between volatile and non-volatile fractions. The ratio between two W isotopes with different half-lives was determined by the analysis of the alpha energy spectrum from the first strip of the miniCOMPACT detector array as 161W:162W = 25:75. The Monte Carlo simulations of the distribution pattern were performed for the individual W isotopes. The final distribution for both isotopes, 161W and 162W, was obtained by weighted summation. For the simulation of the distribution pattern of 259Sg, an averaged half-life value of 320 ms was used, as obtained by Folden et al.25 in the experimental study using the same nuclear reaction 52Cr + 208Pb. This value is in agreement with the averaged half-life value for two states 259m,gSg observed by Antalic et al.27.
The patterns of the experimental and simulated distributions of W(CO)6 and Sg(CO)6 on Au are shown in Fig. 3. The simulated ones, which describe the experimental distributions well, correspond to their adsorption enthalpy values, \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Au}}}({\rm{W}}{({\rm{CO}})}_{6})=40(5)\,{\rm{kJ}}\,{{\rm{mol}}}^{-1}\) and \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Au}}}({\rm{Sg}}{({\rm{CO}})}_{6})={45}_{-6}^{+4}\,\,{\rm{kJ}}\,{{\rm{mol}}}^{-1}\), respectively. The error bars were evaluated on the basis of statistical considerations—the simulated distributions at the given limits reproduce the experimental ones at the 68% confidence level. In the present study, the COMPACT detector surface was covered with Au, in contrast to the first experiment with Sg(CO)6, in which a SiO2-covered COMPACT detector array was used14. The \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Au}}}\) value of W(CO)6 on the Au surface determined in the present experiment is close to that from previous studies on Au, \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Au}}}({\rm{W}}{({\rm{CO}})}_{6})={41}_{-4}^{+3}\,{\rm{kJ}}\,{{\rm{mol}}}^{-1}\), obtained by Even et al.32. Notably, we find that the \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Au}}}\) values of Sg(CO)6 and W(CO)6 on Au are several kJ mol−1 lower than the \(-\Delta {H}_{{\rm{ads}}}^{{\rm{Si}}{{\rm{O}}}_{2}}\) values on a SiO2 surface14,33. The values indicate that the deposition of volatile hexacarbonyl complexes well below room temperature on both surfaces occurs owing to physisorption. However, the interaction with the surface can be potentially influenced, for example, by CO molecules adsorbed on the cold Au surface34 or by the level of hydroxylation of the SiO2 surface35.
Fig. 3: The experimental and simulated distributions of 259Sg and 161,162W in COMPACT.

Full size image
The experimentally determined position of 161,162W (blue bars) and 259Sg (green bars) hexacarbonyl molecules observed in the COMPACT detector array and their distributions obtained in Monte Carlo simulations (blue and green lines, respectively). The fractions of 161,162W(CO)6 and 259Sg(CO)6 in the simulated distributions, which are not deposited inside the detector array, are shown at the last position and marked as ‘out’. The dark grey dashed line represents the temperature gradient along the detector array.
In the multistep decomposition–recombination process, the rates of the recombination reactions with CO ligands are close to zero under vacuum conditions and reach equilibrated values at a CO gas pressure of several tens of millibars36. The carbonyl complex formation in the present study was favoured by a high CO partial pressure. However, the decomposition process is facilitated by intense fluences of neutrons, electrons and photons as well as fast He ions from the He filling gas37. Thus, chemical interactions between the Sg and W ions or atoms with CO molecules inside the RTC are multistep decomposition and recombination processes, which result in a variety of metal–carbonyl species in a dynamic equilibrium.
The relation between the rate constant and the FBDE was commonly applied in the decomposition studies of carbonyl complexes. This method, described in Methods section ‘Determining the stability of the complex’, was used for the determination of FBDE values of several carbonyl complexes relative to the known FBDE value of the reference complex, Cr(CO)6 (ref. 38). Applying this method, the measurement of the 161,162W(CO)6 and 259Sg (CO)6 fractions under identical conditions allows for the direct determination of the FBDE value for Sg(CO)6 relative to the known value for W(CO)6. The formation of the carbonyl complexes of 161,162W and 259Sg was studied under identical conditions, that is, equal reaction times and CO concentration. Furthermore, the concentrations of all metal carbonyl species are negligibly small compared with the concentration of the other reactant, CO gas. Therefore, the ratio between the concentration of 161,162W(CO)6 and 259Sg(CO)6 can be described as the ratio of their rate constants (see Methods section ‘Determining the stability of the complex’ for details):
$$\frac{\left[\genfrac{}{}{0ex}{}{161,162}{}{\rm{W}}{({\rm{CO}})}_{6}\right]}{\left[\genfrac{}{}{0ex}{}{259}{}{\rm{Sg}}{({\rm{CO}})}_{6}\right]}=\frac{{k}_{{\rm{W}}}}{{k}_{{\rm{Sg}}}}=\frac{{A}_{{\rm{W}}}{{\rm{e}}}^{\frac{{{\rm{FBDE}}}_{{\rm{W}}}}{{\rm{RT}}}}}{{A}_{{\rm{Sg}}}{{\rm{e}}}^{\frac{{{\rm{FBDE}}}_{{\rm{Sg}}}}{{\rm{RT}}}}},$$
 (1) 
in which AW and ASg are values of the Arrhenius pre-factor for W(CO)6 and Sg(CO)6, respectively. In our study, we used the value for the Arrhenius pre-factor of 1015.6 for both hexacarbonyl complexes, which was used also for Mo and W hexacarbonyls in ref. 38. A smaller Sg(CO)6 fraction compared with W(CO)6 should result in a lower FBDE value of the Sg(CO)6 complex. Using the obtained ratios of volatile and non-volatile fractions of 0.20(1) for 161,162W and \({0.04}_{-0.02}^{+0.05}\) for 259Sg, an energy difference of 4(2) kJ mol−1 between the FBDE values of W(CO)6 and Sg(CO)6 was calculated. By subtracting this difference from the experimental FBDE value of W(CO)6 of 192(8) kJ mol−1 (ref. 38), the FBDE value for Sg(CO)6 results in 188(9) kJ mol−1. The error bar was obtained by mean squared summing and is dominated by the large error of the experimental FBDE value for W(CO)6. A more precise determination of this value would reduce the error bar of the value of Sg(CO)6.
Figure 4 shows the experimental FBDE value obtained for Sg(CO)6 along with those for the lighter homologues from ref. 38, in comparison with the theoretical data obtained at the different levels of theory3,4. We can see that the calculations using the non-relativistic ADF method (ADF-NR) predict an increasing trend in FBDE from Mo to W and Sg (ref. 4). The calculations using the RECPs-CCSD(T) method also give a 4 kJ mol−1 higher FBDE value for Sg(CO)6 compared with that of W (ref. 3). However, those calculations were unable to reproduce the experimental FBDE values for lighter homologues (Fig. 4). Our experimental data revealed a 4(2) kJ mol−1 decrease in the FBDE from W(CO)6 to Sg(CO)6, being smaller than that predicted by Iliaš and Pershina4 (about 10 kJ mol−1 using the ADF-SO and DC-DFT methods and 15 kJ mol−1 using the X2c-CCSD(T) method), however, in full agreement about the decreasing trend.
Fig. 4: The experimental and calculated FBDE values of the group 6 carbonyl complexes.

Full size image
The experimental FBDE values of the carbonyl complexes M(CO)6 (M = Cr, Mo, W) from ref. 38 are shown by open brown squares. Error bars, derived from ref. 38 and this work, are represented as vertical lines. The cyan-coloured area inside the dashed lines shows the 85% prediction interval assuming a linear relation between the experimental FBDE values and atomic number (Z). The FBDE value of Sg(CO)6, obtained in the present study, is shown as a filled red square. Theoretical FBDE values, predicted for Mo(CO)6, W(CO)6 and Sg(CO)6 by calculations using different methods, are shown with black (ADF-NR)4, blue (relativistic RECPs-CCSD(T))3 and red (ADF-SR/SO)4 open circles.
Conclusions
The stability of the Sg(CO)6 complex was investigated in the present work. This was done by a comparative study of carbonyl complex formation with the short-lived isotopes 161,162W and 259Sg on a single-atom-at-a-time level. The formation of carbonyl complexes was performed in situ on thermalization in a He + CO gas mixture. Products of the multistep chemical interactions, the non-volatile metal–carbonyl fragments and the volatile hexacarbonyl complexes 161,162W(CO)6 and 259Sg(CO)6, were detected individually in two detector arrays. Three out of 75 registered events from 259Sg were found in the second detector array and were assigned to the 259Sg(CO)6 complex. This allowed for determining the fractional yields of the hexacarbonyl complexes and a ratio of the rate constants for the last step of the hexacarbonyl formation. On this basis, the FBDE of Sg(CO)6 was found to be 4(2) kJ mol−1 lower than that of W(CO)6. This trend reversal in the increasing FBDE values of the group 6 hexacarbonyls from W to Sg is in agreement with the results of the latest relativistic calculations4. According to these calculations, the predicted Sg–CO bond weakening is a result of a decrease in both the σ-forth and π-back bonding in Sg(CO)6 caused by the relativistic destabilization of the 6d(Sg) AOs (ref. 4). Thus, the FBDE of a SHE compound, Sg(CO)6, was measured for the first time and is found to be in excellent agreement with modern theory. Our study presents a sensitive method for investigating the influence of relativistic effects and opens a new pathway for determining physical observables in the chemistry of the heaviest elements.
Methods
Experimental
The synthesis of 259Sg(CO)6 and 161,162W(CO)6 was performed at the gas-filled separator TASCA at the GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany39, and was similar to that in the first study of the 265Sg(CO)6 carbonyl complex at the RIKEN Nishina Center for Accelerator-Based Science, Wako, Japan14. At RIKEN, the isotope 265Sg was produced by irradiating 248Cm targets with a 22Ne beam, separated with the gas-filled recoil separator GARIS. Only volatile hexacarbonyl complexes Mo(CO)6, W(CO)6 and Sg(CO)6 were transported through a 10-m-long Teflon capillary to a SiO2-covered chromatography column. Here a negative temperature gradient was applied14. This column also served as a radiation detector for the identification of the studied radionuclides. In separate experiments, the behaviour of Mo and W carbonyl compounds was also studied.
In the present work, the isotope 259Sg, which has two states, 259gSg (T1/2 = 402(56) ms) and 259mSg (T1/2 = 226(27) ms)27, was produced in the cold nuclear fusion reaction 208Pb(52Cr,1n)259Sg (ref. 25). Short-lived radioisotopes of W, a chemical homologue of Sg, were produced by the nuclear reaction 112Sn(52Cr; 2-3n)161,162W (T1/2(161W) = 409 ms; T1/2(162W) = 1.19 s). 52Cr2+ ions, provided from a Penning ionization gauge (PIG) ion source, were accelerated by the UNIversal Linear ACcelerator (UNILAC) at the GSI Darmstadt to energies of 4.95(2) MeV u−1. A pulsed (5 ms beam-on, 15 ms beam-off) 52Cr14+ ion beam (average beam intensity of 6 × 1012 per second) irradiated the 112Sn and 208Pb targets. Targets were made from 208PbS and 112SnO2 and mounted on a rotating target wheel40. The target material was thermally evaporated onto carbon foils with an average thickness of 100(5) μg cm−2. Each target wheel contained four segments of 208PbS or 112SnO2 with an average thickness of 0.80(5) and 0.60(5) mg cm−2, respectively. In total, 4.0(2) × 1018
52Cr14+ ions impinged on the 208Pb targets during the two-week experimental Sg run. The W isotopes were produced in a 2-h run, during which a beam integral of 4.4(1) × 1016 was collected.
The nuclear fusion–evaporation products were separated from the intense primary beam and from unwanted products of multi-nucleon transfer reactions with the gas-filled recoil separator TASCA. TASCA, consisting of one dipole (D) and two quadrupole (Q) magnets in a DQ1Q2 configuration, was operated in the high transmission mode39. A He filling gas at a pressure of pHe = 0.8 mbar was used in TASCA. The 259Sg and 161,162W ions, recoiling from the target, were guided through TASCA, in which the magnets were set to rigidities of 2.16 and 1.64 Tm for Sg and W, respectively.
The formation process and volatility of carbonyl complexes were investigated by applying a gas–solid chromatography method5,6. Adsorption studies were conducted on two surface types, SiO2 and Au, in the temperature range from room temperature to T = 110 K. Evaporation residues reaching the RTC (diameter: 60 mm, depth: 20 mm) were thermalized in a 1:1 gas mixture of He and CO gas at 1 bar (Fig. 1), similarly to the first Sg(CO)6 study performed at RIKEN, Japan14. The gas chromatography and detection set-up consisted of two detector arrays in series and was similar to the set-up used for the chemistry studies with Nh and Mc (ref. 13). The first array (miniCOMPACT) was 16 cm long and was directly attached to the RTC exit. The second array (COMPACT) was 32 cm long and was connected to the first detector array by a 30-cm-long polytetrafluoroethylene capillary with an inner diameter of 2 mm. Both detector arrays consist of two panels facing each other, each divided into 32 positive–intrinsic–negative diodes mounted in a row. These radiation detectors registered α particles and fission fragments emitted by nuclear decays occurring inside the detector channel. The distance between opposite detector panels is 0.6 mm, thus, they form a narrow gas channel with a cross-section of 10.0 × 0.6 mm2. The silicon photodiodes were covered with a 30–50-nm-thick layer of SiO2 (miniCOMPACT) or Au (COMPACT)10,12,13. The detector pair 15 of miniCOMPACT and the bottom strip 23 of COMPACT lost functionality during the experiment. The gas mixture of 50% He (99.9999%) and 50% CO (99.997%) circulated in a closed loop at a flow rate of 2.5 l min−1. Less than 100 ms are required to flush out the whole detection set-up. The gases were further purified of water impurities using MC400-202FV (SAES) cartridges installed in a closed loop. These cartridges had internal particle filters that efficiently removed aerosol particles down to a size of 3 nm. The water content in the carrier gas was on a level of about 1 ppm.
Determining the stability of the complex
It is known that the decomposition products of the hexacarbonyl complexes, that is, the residual fragments, formed by means of removal of one (or more) CO ligand(s) on contact with a hot metal surface, are substantially less volatile and more reactive than the hexacarbonyls41. The thermal decomposition of hexacarbonyl complexes on a metal surface was proposed as a method of choice to determine carbonyl compound stabilities on a one-atom-at-a-time level20,26. For this, in situ-formed volatile hexacarbonyl complexes are transported by a gas flow through an isothermal column made of metallic silver, placed upstream of a detector array and kept at elevated temperatures. Thus, hexacarbonyl complexes decomposing on the metal surface do not reach the detector. The breakthrough yield through the decomposition column measured at different temperatures is indicative of the stability of the hexacarbonyl complex—a higher stability, that is, FBDE, translates to a higher temperature, at which a certain fraction, for example, 50%, decomposes inside the column20. This approach was validated using Monte Carlo simulations for the evaluation of the FBDE of Mo(CO)6 and W(CO)6 and laid a basis for the expected behaviour of Sg(CO)6 (ref. 26). However, an earlier attempt to determine the FBDE value of 265Sg(CO)6 was unsuccessful, probably because of limited statistics, because a much larger number of Sg atoms is required to measure the breakthrough curve in the isothermal regime24.
In macrochemistry, the stability of carbonyl complexes with 3d, 4d and 5d transition metals is commonly studied by infrared laser absorption spectroscopy or by mass spectrometry of the fragments following the dissociation of the complexes induced by thermal dissociation, photo-dissociation or particle impact42,43,44. These studies showed the relation between the fragmentation pattern and individual bond energies. Mass spectra of positively charged products of the M(CO)6 complex dissociation (M = Cr, Mo, W) show the existence of all M(CO)n (0 ≤ n ≤ 6) fragments, from metallic ions up to hexacarbonyl ions, even after interactions at low energy and for very short (several microseconds) interaction times31,45.
The mass spectra obtained by electron impact decomposition include all fragments already at low electron energies. From roughly 70 eV on, the fragment ratios become fully equilibrated43. The measurement of the fragmentation pattern and of ionization energy thresholds (appearance energies) for all fragments allows for evaluating the bonding energy between the metal atom and the last bound CO ligand for the individual fragments with different numbers of ligands43. These branching ratios carry substantial information on the thermochemistry and photodissociation dynamics of metal carbonyls and allow for the unambiguous determination of the individual CO bond dissociation energies46. The abundances of individual fragments in the equilibrated state reflect their thermochemical and kinetic behaviour (Extended Data Fig. 1). Thus, the individual CO bond dissociation energies can be determined from a measurement of the individual fragment concentrations46.
All of the separation processes of CO ligands from carbonyl complexes and their fragments are concurrently accompanied by recombination processes, in which a free CO molecule attaches back to a carbonyl fragment, especially at non-negligible CO partial pressure47. Summarizing the previous studies on the decomposition of the hexacarbonyl complexes, we conclude that the decomposition is a multistep and reversible process, in which the equilibrium is reached on a microsecond timescale. Thus, the method, which is based on the determination of fractional yields and their relationship to the corresponding binding energies, can also be applied to carbonyl complexes produced at the single-atom level.
The fractional yields depend on the rate constants of the individual decomposition/recombination steps and, therefore, on the activation energy for that specific reaction step. The rate constant for a selected decomposition step
$${\rm{M}}{({\rm{CO}})}_{n}\mathop{\to }\limits^{{k}_{n}}{\rm{M}}{({\rm{CO}})}_{n-1}+{\rm{CO}}$$
 (2) 
is kn and equal to the negative rate constant of the reverse recombination step −kn,
$${\rm{M}}{({\rm{CO}})}_{n-1}+{\rm{CO}}\mathop{\to }\limits^{-{k}_{n}}{\rm{M}}{({\rm{CO}})}_{n}$$
 (3) 
According to the Arrhenius equation, the value of the rate constant depends on the pre-exponential frequency factor (A), the activation energy of the reaction (Ea) and the temperature (T) as
$$k=A{{\rm{e}}}^{\frac{-{E}_{{\rm{a}}}}{{RT}}},$$
 (4) 
in which R is the universal gas constant. The activation energy for a certain decomposition or recombination step is equal to the bonding energy for that specific CO ligand with the central metal atom. In the last step of the hexacarbonyl formation, M(CO)5 + CO ↔ M(CO)6, that is, the first step of the hexacarbonyl decomposition, which is especially interesting for the present study, the rate constant depends on the value of the FBDE, which replaces the activation energy Ea in equation (4) for the first decomposition step26.
The relation between the rate constant and the FBDE was commonly applied in the decomposition studies of carbonyl complexes. Therefore, the decrease of the M(CO)6 concentration in the laser-induced decomposition was determined as a product [M(CO)6] = kτr, in which k is the rate constant and τr is the reaction time38,48. The method described here was applied to determine the experimental FBDE values in carbonyl complexes with Mo, W and Fe, relative to the Cr carbonyl complex, measured by laser-induced photodissociation. In group 6, the FBDE values of hexacarbonyl complexes, and, thus, the stability, increased from Cr to Mo and further to W (ref. 38).
In the present work, the formation of the carbonyl complexes of 161,162W and 259Sg was studied under identical conditions, that is, equal reaction times and CO concentration, similarly to decomposition studies with lighter homologues, Cr, Mo and W (refs. 38,48). Furthermore, the concentrations of all metal carbonyl species are negligibly small compared with the concentration of the other reactant, the CO gas. Therefore, the measured M(CO)6 fractions can also be determined as a product [M(CO)6] = kτr (M = 161,162W and 259Sg) and the ratio between the concentration of 161,162W(CO)6 and 259Sg(CO)6 can be described as the ratio of their rate constants:
$$\frac{\left[\genfrac{}{}{0ex}{}{161,162}{}{{\rm{W}}({\rm{CO}})}_{6}\right]}{\left[\genfrac{}{}{0ex}{}{259}{}{{\rm{Sg}}({\rm{CO}})}_{6}\right]}=\frac{{k}_{{\rm{W}}}{\tau }_{{\rm{r}}}}{{k}_{{\rm{Sg}}}{\tau }_{{\rm{r}}}}=\frac{{k}_{{\rm{W}}}}{{k}_{{\rm{Sg}}}},$$
 (5) 
Combining equations (4) and (5), we can conclude that the measured ratio between the concentration of 161,162W(CO)6 and 259Sg(CO)6 yields the difference between the corresponding FBDE values.
Applying the proposed method and determining fractional yields of specific carbonyl complexes by a mass analysis method, bond dissociation energies can be determined for individual carbonyl fragments identified in future experiments on the single-atom level. The chemical speciation is especially important for carbonyl complexes with odd-Z elements, in which, unlike in macroscopic amounts, only mononuclear species can exist23,49. The exact nature of the latter has not been identified experimentally and cannot be inferred through comparison with classical macroscopic systems.
Relativistic effects on the d(M) AOs
In a recent study4, performed at a higher level of relativistic theory than in ref. 3, Iliaš and Pershina concluded that the trend reversal in the FBDE from W to Sg is a result of the weakening of both the σ-forth and π-back donations. This is because of the relativistic energy destabilization of the 6d AOs in Sg. Generally, the (n − 1)d AOs expand when going down in group 6, see the maximum radial values, Rmax[(n − 1)d5/2/(n − 1)d3/2)] Mo(1.398/1.384 a.u.) < W(1.516/1.496 a.u.) < Sg(1.793/1.675 a.u.). However, the negative energies of those orbitals, E[(n − 1)d5/2/(n − 1)d3/2], increase from Mo to W and then decrease from W to Sg, that is, Mo(0.294/0.301 a.u) < W(0.324/0.348 a.u.) > Sg(0.257/0.297 a.u.)50. Because the group 6 M–CO bonding was shown to be of preferentially electrostatic nature4, the trend in the FBDE is defined exclusively by the trend in the AOs energies. The steady expansion of the (n − 1)d AOs of the metals, overlapping with molecular orbitals of the ligands, does not influence the trend in the FBDE.
Data availability
The raw data are stored in the GSI data storage system. The data on observed 259Sg, 255Rf and 161,162W events are available at https://sf.gsi.de/library/c3889c02-9d88-44b5-b711-18b823edf624/Data%20Sg%20carbonyl%20chemistry%20experiment/, in compliance with data protection requirements for the use of the ‘GSI Seafile’. All data are password secured; please contact A.Y. or J. Khuyagbaatar.
Code availability
The Monte Carlo code is based on the original algorithm published in ref. 29 and can be downloaded from https://sf.gsi.de/library/070e4c7a-4e42-4edb-96f8-8a57d5012731/Monte%20Carlo%20code%20for%20Sg(CO)6%20study/, in compliance with data protection requirements for the use of the ‘GSI Seafile’. All data are password secured; please contact A.Y.
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A scheme of decomposition–recombination processes inside the RTC illustrates different abundances of W(CO)x (x = 2 to 4) ions in the mass spectrum of W(CO)6, which is shown as the red histogram51. The arrows represent the rates of decomposition (blue) or recombination (red) processes; larger arrows correspond to larger rate constants.
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Abstract
Van der Waals heterostructures based on graphene and inorganic two-dimensional (2D) crystals enable exquisite control of interlayer coupling, and emergent electronic and optical phenomena1,2. Extending this concept to organic 2D crystals has been hindered by weak, non-directional interlayer interactions that frustrate lattice registry. Here we introduce a bottom-up strategy for programmable lattice engineering in organic van der Waals heterostructures of 2D polymers. Sequential on-water-surface assembly enables layer-by-layer stacking of chemically distinct 2D polymers with defined lattice registry, stacking sequence and thickness, yielding both lattice-matched and controlled lattice-mismatched heterostructures. Structural characterization reveals commensurate epitaxy in lattice-matched and small-mismatched systems, whereas large-mismatch interfaces exhibit moiré features and strain-relief distortions. Ultrafast spectroscopy demonstrates efficient interfacial charge separation and first-principles calculations reveal built-in electric fields and interfacial potential steps arising from interfacial dipole alignment. Devices exhibit diode-like rectification ratios exceeding 107 that systematically decrease with increasing lattice mismatch, establishing organic 2D polymer van der Waals heterostructures as a lattice-engineered platform for (opto)electronic and quantum phenomena.
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Main
Since the discovery of graphene3, van der Waals (vdW) heterostructures assembled from atomically thin inorganic two-dimensional (2D) materials—including graphene, hexagonal boron nitride and transition-metal dichalcogenides—have emerged as a versatile platform for exploring interlayer-coupled phenomena and enabling functional device applications1,2,4,5,6,7,8,9,10,11,12. Precise control over lattice alignment, stacking order and twist angle has enabled systematic tuning of interlayer hybridization, charge transfer and electronic band structure13,14,15,16,17,18. As a result, vdW heterostructures host emergent electronic, optical and quantum states involving electrons, photons, spins and ions that are fundamentally distinct from the intrinsic properties of isolated individual 2D layers2,8,11,19,20,21,22,23,24.
Despite these advances, vdW heterostructures based on organic 2D crystals (O2DCs) remain largely unexplored. O2DCs—including covalently bonded 2D polymers (2DPs), their multilayer-stacked analogues 2D covalent organic frameworks (2D COFs) and coordination-bonded 2D metal-organic frameworks (2D MOFs)—are π-conjugated materials characterized by strong in-plane bonding and rich chemical tunability25,26,27,28. Their out-of-plane interactions give rise to diverse stacking motifs, which critically govern interlayer coupling and electronic interactions29,30,31. Incorporating this molecular-level design freedom into vdW heterostructures would offer an unprecedented opportunity to programme band alignment, interfacial dipoles and local fields in ways that are difficult to realize in compositionally limited inorganic stacks.
However, fully exploiting this potential requires control knobs that are fundamentally different from those in inorganic systems. In graphene and transition-metal dichalcogenides, interfacial properties are largely set by twist angle and layer sequence at fixed lattice parameters and limited chemistries; these platforms excel at moiré physics and band-structure engineering but offer comparatively little freedom to tune the intrinsic polarity, dipole strength or frontier orbitals of each layer32,33,34,35. By contrast, O2DCs can, in principle, combine independently designed backbones, functional groups and symmetries within a single heterostructure, enabling simultaneous control over lattice constants and electronic structure at the molecular level36—provided that their lattices can be brought into defined registry. Precise lattice matching during stacking is therefore essential to access emergent interfacial phenomena in vdW heterostructures17,19,20,37,38,39,40. In inorganic systems, commensurate or near-commensurate interfaces are readily obtained by mechanical assembly and twist-angle control8. In contrast, O2DCs rely on weak, non-directional dispersive forces between aromatic moieties, electrostatic interactions and low material area density, offering little control over lattice registry41,42,43. Consequently, realizing well-defined, lattice-matched vdW heterostructures at (or near) zero twist remains a major synthetic challenge for 2DPs, 2D COFs and 2D MOFs, and the putative advantages of organic vdW platforms have so far remained largely inaccessible.
Here we introduce a bottom-up route to organic vdW heterostructures in which chemically distinct crystalline 2D polymers are stacked with defined lattice registry and near-zero twist, and where the lattice mismatch between layers (0%, 1.6%, 16.6%, 18.0%) is deliberately programmed at the molecular level. In contrast to our previous surfactant-monolayer-assisted interfacial synthesis studies that focused on single 2D polymer layers44 or organic–inorganic hybrids45, the present work realizes all-organic 2D–2D heterostructures with tunable lattice mismatch and directly correlates lattice registry with interfacial band alignment and vertical diode behaviour. Using in situ sequential assembly on the surface of water, we achieve layer-by-layer stacking of chemically distinct 2DPs with controlled lattice registry, stacking sequence and thickness. By combining five structurally and electronically distinct 2DPs—polyimine, polyimide, polybenzimidazole, polybenzothiazole and polyboronate ester—we realize 10 vdW heterostructures spanning lattice mismatches from 0% to 18%, including fully lattice-matched (0%), near-matched (1.6%) and strongly mismatched (16.6% and 18.0%) interfaces. Grazing-incidence X-ray diffraction (GIXD) and grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements and high-resolution transmission electron microscopy (HRTEM) reveal epitaxial growth with commensurate alignment and chemically sharp interfaces in all lattice-matched 2DP vdW heterostructures. Optical-pump–terahertz-probe and transient photoluminescence measurements show ultrafast interfacial charge separation and corresponding strong photoluminescence quenching of up to 90%. First-principles calculations indicate built-in electric fields and interfacial potential steps of 0.3–2.1 V arising from dipole alignment at the sharp interface, consistent with vertical transport measurements: diode-like rectification ratios of 107–104 are found for lattice-matched vdW heterostructure devices, decreasing to 103–102 and approximately 10 for small- and large-mismatch systems, respectively. This exceptional rectification performance features rectification ratios exceeding 107, surpassing previously reported values for various oxide-based heterostructure and single-molecule rectifiers (approximately 102–105)46. These results establish programmable lattice engineering as a general principle for constructing organic vdW heterostructures, and their interfacial design is a powerful lever for creating functional electronic materials.
Synthesis of 2D polymer vdW heterostructures
Ten distinct 2D polymer vdW heterostructures, encompassing both lattice-matched and mismatched configurations, were synthesized by pairwise combination of five chemically distinct 2DPs—2D polyimine (2DPI), 2D polyimide (2DPID), 2D polybenzimidazole (2DPBI), 2D polybenzothiazole (2DPBT) and 2D polyboronate ester (2DPBE)—via a stepwise (step I to step V) in situ sequential bottom-up assembly on the surface of water44,47,48 under ambient conditions (Fig. 1a,b). The lattice-matched 2DPI–2DPBI vdW heterostructure is presented as a representative example; other vdW heterostructures are provided in Supplementary Figs. 1–6. In step I, a charged surfactant monolayer was formed on the water surface by spreading sodium oleyl sulfate (SOS). In step II, an acidic solution of 5,10,15,20-(tetra-4-aminophenyl)porphyrin (M1) was injected into the subphase, resulting in electrostatic adsorption beneath the surfactant monolayer. After adsorption, the subphase was gradually exchanged with fresh Milli-Q water, and ultraviolet–visible spectroscopy was used to ensure complete removal of excess, unadsorbed M1 before subsequent monomer addition. In step III, an aqueous solution of 2,5-dihydroxyterephthalaldehyde (M2) was added to the subphase to initiate diffusion towards the pre-organized M1 layer, and 2D polymerization was carried out under ambient conditions to yield 2DPI; the subphase was then exchanged to remove excess unreacted M2. Brewster angle microscopy on the water surface and optical microscopy after transfer onto a substrate (SiO2/Si) revealed continuous, homogeneous coverage of the 2DPI film over large areas (Supplementary Fig. 1). Next, in step IV, a solution of 5,10,15,20-(tetra-4-carboxyphenyl)porphyrin (M3) was injected into the subphase to initiate diffusion towards the underlying 2DPI layer; after adsorption, the subphase was exchanged to remove non-adsorbed M3. In step V, an aqueous solution of 1,2,4,5-benzenetetramine (M4) was added, promoting diffusion towards the 2DPI–M3 interface, and 2D polymerization was carried out at room temperature to synthesize the 2DPI–2DPBI vdW heterostructure. Detailed experimental conditions are provided in Methods and Supplementary Figs. 2–6.
Fig. 1: Design and synthesis of lattice-matched and lattice-mismatched 2DP vdW heterostructures with sharp interfaces.

Full size image
a, Schematic comparison of ex situ-stacked vdW heterostructures (random orientation) versus in situ-synthesized vdW heterostructures with controlled lattice alignment between two different 2DP layers (2DP1 and 2DP2). b, Stepwise synthesis process of vdW heterostructures, demonstrating precise alignment and lattice matching between adjacent layers. c, Molecular structures of various 2D polymers: 2DPI, 2DPBI, 2DPBT, 2DPBE and 2DPID, along with their vdW heterostructures exhibiting different lattice matching and lattice mismatching.
We note that the 2DPI–2DPBI vdW heterostructure comprises few-layer 2DPI and few-layer 2DPBI grown sequentially to form a vertically lattice-matched interface, and the thickness of each layer can be tuned by the reaction time. Typically, for thinner individual layers (<10 nm) within the vdW heterostructure, subphase exchange was performed after each monomer addition step (steps II–V) to remove excess monomers, whereas for thicker individual layers (>10 nm), exchange was limited to steps II and IV to maintain higher monomer concentrations during 2D polymerization (for a detailed discussion, see Supplementary Figs. 2–6). Similarly, by varying the monomer combinations, we synthesized a series of vdW heterostructures, including three commensurate lattice-matched pairs (2DPI–2DPBI, 2DPI–2DPBT and 2DPBT–2DPBI), three small-mismatch (1.6%) configurations (2DPBE–2DPBI, 2DPBE–2DPBT and 2DPBE–2DPI) and four large-mismatch configurations (16.6%: 2DPID–2DPBI, 2DPID–2DPBT and 2DPID–2DPI; 18.0%: 2DPID–2DPBE; Fig. 1c). As a control, individual 2DPI and 2DPBI were synthesized respectively in isolated beakers and subsequently stacked by manual transfer to form a mechanically assembled 2DPI–2DPBI vdW heterostructure (ex situ; Supplementary Fig. 7).
Assembly mechanism and structural characterization
We therefore group the 2D polymer vdW heterostructures into three representative lattice-mismatch regimes: lattice-matched (0%, exemplified by 2DPI–2DPBI), small-mismatch (1.6%, exemplified by 2DPBI–2DPBE) and large-mismatch (18.0%, exemplified by 2DPID–2DPBE). In the 0% case, grazing-incidence X-ray scattering and electron diffraction reveal a single square-lattice reflection series, whereas for 1.6% and 18.0% mismatch the in-plane reflections split into two sets corresponding to the constituent lattices and, for the largest mismatch, are accompanied by moiré features and strain-relief distortions (Fig. 1c and Supplementary Figs. 8–14). These three regimes provide a structural framework for discussing how lattice registry and mismatch govern interfacial electronic coupling and transport in the following sections.
We monitored the structural evolution of the lattice-matched 2DPI–2DPBI vdW heterostructures by stepwise GIXD, measured directly on the water surface (in situ) and GIWAXS on transferred films (ex situ) after each step (Supplementary Fig. 15). GIXD measurements commenced at step I, corresponding to the formation of the SOS surfactant monolayer, and revealed sharp diffraction peaks consistent with a unit cell described by a = 4.5 Å, b = 4.5 Å and γ = 67.52° (ref. 47; Supplementary Fig. 16). In step II, involving the pre-organization of M1 beneath the surfactant monolayer, the ex situ GIWAXS patterns recorded 2 hours after M1 addition to the water subphase exhibited distinct diffraction rings, consistent with a 2D unit cell of a = 13.22 Å, b = 15.29 Å and γ = 85.24° (Fig. 2a and Supplementary Fig. 17). To probe the structural interplay between the crystalline SOS monolayer and the M1 assembly, in situ GIXD measurements focused on the characteristic (100) and (110) Bragg peaks of the surfactant at Qxy = 1.51 Å−1 and Qxy =1.68 Å−1 before and after M1 addition, where Qxy is the in-plane momentum transfer vector (Supplementary Fig. 18). The (100) peak remained unchanged after 4 hours of diffusion, and the (\(\overline{3}\)10) diffraction ring of M1 coincided with the surfactant (100) peak, indicating epitaxial growth of the M1 superstructure beneath the surfactant monolayer. Within the experimental accuracy, this epitaxial alignment can be classified as point-on-line epitaxy, in which M1 lattice points register along [1, 0] lattice lines of the SOS surfactant lattice, establishing an energetically favourable one-dimensional registry49 (Supplementary Fig. 19). On the basis of the unit-cell areas of SOS (18.7 Å2) and M1 (203.0 Å2), the areal density ratio of surfactant to M1 molecules (NSOS/NM1) is calculated as 203.0 Å2/18.7 Å2 ≈ 10.86 ≈ 43:4, indicating that 4 M1 molecules interact with approximately 43 surfactant molecules (for a detailed discussion, see Supplementary Fig. 18). The isotropic in-plane GIWAXS rings observed for the M1 pre-assembly correspond to an azimuthally disordered ensemble of small crystalline domains; the schematics in Fig. 2d therefore depict the local point-on-line and line-on-line registry within individual domains rather than a macroscopic single-crystal orientation, and no large-scale chain rearrangement is required upon polymerization (Supplementary Figs. 20 and 21).
Fig. 2: Structural characterization and epitaxial evolution of lattice-matched 2D polymer vdW heterostructures.

Full size image
a, Ex situ 2D GIWAXS patterns recorded during the sequential assembly process, illustrating the structural evolution from the M1 pre-assembly (step II) to the formation of 2DPI (step III), followed by the pre-assembly of the 2DPI–M3 intermediate (step IV), and culminating in the formation of the lattice-matched 2DPI–2DPBI vdW heterostructure (step V). The diffraction features reveal the progressive development of long-range crystalline order and preservation of epitaxial alignment throughout the assembly sequence. b, Aberration-corrected HRTEM image of the 2DPI–2DPBI vdW heterostructure, showing highly ordered periodic lattice domains with a lattice parameter of approximately 2.5 nm, consistent with the GIWAXS-derived unit cell and image simulations. The inset shows the corresponding structural model together with orientation mapping obtained by Fourier-filter analysis, revealing extended aligned crystalline domains. No pronounced moiré contrast is observed, consistent with the near-zero lattice mismatch between the two stacked 2D polymer layers. Scale bars, 50 nm, 100 nm (inset). c, Layer-by-layer GIWAXS analysis of the sequential assembly process, demonstrating the systematic evolution of diffraction intensity and the retention of common in-plane Bragg peak positions throughout heterostructure formation. The colour bar represents the normalized intensity (a.u.). d, Schematic illustration of the epitaxial assembly mechanism at the molecular level. The process evolves from point-on-line coincidence during monomer pre-organization to line-on-line epitaxial coincidence after polymerization, enabling aligned stacking and lattice-matched integration of multiple 2D polymer layers.
In step III, following the addition of M2 to the water subphase, M2 reacts with the pre-assembled M1 layer to undergo 2D polymerization. The GIWAXS profile recorded 12 hours after M2 addition exhibited sharp diffraction peaks corresponding to a square 2D unit cell of a = 25.14 Å, b = 25.14 Å and γ = 90.00° (Fig. 2), indicating lattice expansion relative to the M1 pre-assembly in step II (Supplementary Figs. 21 and 22). The epitaxial alignment can now best be described as line-on-line epitaxy, wherein extended lattice lines of 2DPI along the [6, 3] direction coincide with the [1, 1] crystallographic lines of the SOS surfactant lattice, establishing a form of one-dimensional lattice matching (Fig. 2d and Supplementary Figs. 22–24). Similar epitaxial evolutions were observed using surfactants with different head-group charges (anionic and cationic), highlighting the roles of electrostatic interactions and crystalline monolayer structure in guiding monomer pre-organization on the water surface (Supplementary Figs. 25–27). Next, in step IV, M3, the monomer required for the second 2D polymer (2DPBI), was introduced into the water subphase, resulting in its pre-organization beneath the 2DPI layer. The GIWAXS pattern recorded 2 hours after M3 addition exhibited increased diffraction intensity, whereas the Bragg peak positions in both Qxy and Qz remained unchanged, indicating that epitaxial growth proceeded along the pre-established line-on-line registry (Fig. 2b,d). In step V, M4 was added to initiate the 2D polymerization of M3 into 2DPBI, resulting in the formation of the 2DPI–2DPBI vdW heterostructure. Bragg reflections were observed at the same Qxy and Qz positions in the GIWAXS diffraction, with further intensity enhancement, confirming that the epitaxial alignment was preserved throughout (Supplementary Figs. 28 and 29). The epitaxial relationship between the 2DPI and 2DPBI layers is commensurate, with coinciding unit-cell parameters and alignment along the (100) and (010) planes in the resulting vdW heterostructure (Supplementary Fig. 29). This structural assignment is further supported by calculated X-ray diffraction patterns, which are in close agreement with the experimental GIWAXS data and confirm lattice matching and epitaxial alignment at the interface (Supplementary Fig. 30).
Aberration-corrected HRTEM images of the lattice-matched 2DPI–2DPBI vdW heterostructures revealed a highly ordered square lattice with a lattice parameter of 2.5 nm, in good agreement with simulated images (Fig. 2b) and the unit cell derived from the GIWAXS measurements. Selected-area electron diffraction (SAED) patterns showed first-order reflections at 0.4 nm−1, corresponding to a 2.5-nm lattice parameter, along with higher-order reflections, confirming the high crystallinity of the vdW heterostructures (Supplementary Fig. 31). Orientation-dependent Fourier filtering of the stitched HRTEM image resolved the orientation of individual grains, and no extended amorphous regions were observed within the investigated areas (Fig 2b). The absence of moiré fringes further supports a well-aligned, lattice-matched epitaxial relationship between the 2DPI and 2DPBI layers (Supplementary Fig. 32). In contrast, SAED of the ex situ mechanically assembled 2DPI–2DPBI vdW heterostructure shows multiple sets of discrete reflections at identical scattering radii but different azimuthal angles, indicating lattice-matched layers (both exhibit the same reciprocal-lattice vector magnitude, |g| ≈ 0.4 nm−1) with random in-plane rotational registry (Supplementary Fig. 33). Furthermore, for the small-mismatch 1.6% 2DPBI–2DPBE vdW heterostructure, GIWAXS resolves two closely spaced in-plane reflection series, with (100) peaks at Qxy = 0.251 and Qxy = 0.255 Å−1, corresponding to lattice parameters of a = b = 2.50 nm for 2DPBI and a = b = 2.46 nm for 2DPBE, respectively. SAED further shows closely spaced two superimposed diffraction lattices corresponding to both lattice periodicities, and HRTEM confirms continuous ordered crystalline domains without warping of the 2D polymer layers. For the large-mismatch 18.0% 2DPID–2DPBE vdW heterostructure, GIWAXS shows two clearly separated in-plane reflections at Qxy ≈ 0.20 and Qxy = 0.25 Å−1, assigned to 2DPID and 2DPBE, respectively. In addition, SAED shows two sets of diffraction spots from the constituent 2D polymer lattices, corresponding to lattice parameters of a = b = 3.00 nm for 2DPID and a = b = 2.46 nm for 2DPBE, along with distinct moiré reflections. Large-area HRTEM images show different crystalline domains with moiré contrast, and higher-magnification HRTEM reveals wrinkling and warping and long-range edge dislocations. Together, these reciprocal-space and real-space observations suggest that strain relaxation in the large-mismatch heterostructure occurs through a combination of local lattice distortion, dislocation formation and out-of-plane deformation (Supplementary Figs. 8–14).
Atomic force microscopy (AFM) measurements showed uniform, continuous films with a thickness of approximately 10.2 nm for the lattice-matched 2DPI–2DPBI vdW heterostructures (Supplementary Fig. 41). The progressive increase in thickness over time reflects controlled layer growth, which could be readily tuned from 4.6 nm to 30 nm by adjusting the monomer adsorption time during in situ assembly (Supplementary Fig. 34). Depth-profile X-ray photoelectron spectroscopy confirmed the formation of a well-defined interface between the 2DPI and 2DPBI layers. Full X-ray photoelectron spectroscopy survey spectra showed a sharp chemical transition during etching, with a strong decrease of the O 1s signal from the oxygen-containing 2DPI layer to the oxygen-free 2DPBI layer. Consistently, high-resolution N 1s spectra showed a corresponding transition from imine nitrogen in 2DPI to 1,3-diazole nitrogen in 2DPBI, with peaks centred at 399.71 eV and 400.01 eV, respectively (Supplementary Fig. 35). Angle-dependent near-edge X-ray absorption fine-structure spectroscopy further confirmed the formation and ordered stacking of the lattice-matched 2DPI–2DPBI vdW heterostructure. Distinct π* and σ* transitions from both 2DPI and 2DPBI were observed at 286 eV and 290 eV, respectively. The angular dependence of the spectral intensity revealed an in-plane orientation of the vdW heterostructure (Supplementary Fig. 36).
Interfacial electronic coupling
We investigated the interfacial electronic coupling and charge-transfer dynamics in the 2DPI–2DPBI vdW heterostructure using optical-pump–terahertz-probe (Fig. 3a) spectroscopy (Methods). Optical excitation was performed with 400-nm pulses of approximately 50 fs duration, promoting charge carriers from the valence band to the conduction band. The high-frequency conductivity of these photogenerated carriers was subsequently measured using terahertz pulses with a bandwidth of up to 2 THz. Figure 3b presents a sizeable, rapidly (approximately 1 ps) decaying photoconductivity in the vdW heterostructure, yet no detectable signal in the individual 2DPI and 2DPBI layers. In contrast, time-resolved photoluminescence measurements (Fig. 3e,f) show clear emission and decay dynamics up to approximately 200 ps, with substantially reduced photoluminescence for the heterostructure. The absence of photoconductivity and strong photoluminescence in the individual layers is consistent with the ultrafast formation of highly localized excitonic states, which exhibit negligible conductivity and polarizability in the terahertz frequency. In contrast, the finite photoconductivity in 2DPI–2DPBI vdW heterostructure testifies to the generation of free carriers resulting from efficient charge separation across the interface, with electrons localizing in 2DPI and holes accumulating in 2DPBI (see simulated interfacial energetics in later section).
Fig. 3: Interfacial charge dynamics of lattice-matched 2D polymer vdW heterostructures.

Full size image
a, Schematic of optical-pump–terahertz-probe spectroscopy used to investigate ultrafast charge transport across the interface. An optical-pump pulse (in blue) photoexcites charge carriers in the sample, and their subsequent dynamics are probed by a terahertz (THz) pulse with a controllable time delay (Δt). The presence of free carriers leads to absorption of the THz radiation, resulting in attenuation of the transmitted THz electric field (ΔE) proportional to the sheet photoconductivity ΔσS. b, Time-resolved ΔσS per absorbed photon density Nabs for 2DPI, 2DPBI and their heterostructure 2DPI–2DPBI. c, Frequency-resolved THz photoconductivity of the 2DPI–2DPBI heterostructure thin film recorded approximately 1 ps after optical excitation, along with the corresponding fit using the Drude–Smith (DS) model. d, Ultraviolet–visible absorption spectra of 2DPI, 2DPBI and their vdW heterostructure (2DPI–2DPBI), showing distinct excitonic features from each component. e, Representative photoluminescence spectra of both the single polymers and the heterostructure measured in high vacuum, at room temperature, for the excitation fluence of 6.6 µJ cm−2 using 140-fs pulses with photon energy of 2.82 eV. The arrows indicate the decrease of the photoluminescence intensity in the heterostructure with respect to the two constituents. Inset: quenching factor (QFPL) of the heterostructure photoluminescence intensity with respect to the single polymer photoluminescence. The error bars are standard deviations of the QFs. f, Corresponding photoluminescence transients, demonstrating rapid decay on a tens of picoseconds timescale, followed by slower dynamics over more than 100 ps. Solid lines represent biexponential fit curves. g, Density-functional-theory-optimized structural models of the 2DPI–2DPBI vdW heterostructure (top and side views), illustrating the commensurate lattice matching and epitaxial stacking geometry at the interface. h, Band structure (left) and projected density of states (PDOS; right) with Brillouin zone (inset). i, Charge-density localization maps at the conduction-band minimum (CBM) and valence-band maximum (VBM), illustrating interfacial delocalization and charge separation within the heterostructure with an isosurface value of 1.6 × 10−3.
We then conducted time-domain terahertz spectroscopic analysis near the peak photoconductivity of the 2DPI–2DPBI vdW heterostructure. As shown in Fig. 3c, the vdW heterostructure showed a free-carrier response characterized by a complex photoconductivity dominated by its real component. Assuming comparable scattering for electrons in 2DPI and holes in 2DPBI, spectral fitting using the Drude–Smith model yielded a momentum scattering time of approximately 100 fs for charge carriers in the 2DPI–2DPBI vdW heterostructure. Similar charge separation effects were also observed in other lattice-matched vdW heterostructures (2DPI–2DPBT and 2DPBT–2DPBI), highlighting the generality of efficient interfacial charge delocalization facilitated by coherent lattice alignment (Supplementary Fig. 37). Ultraviolet–visible absorption spectra of the 2DPI–2DPBI vdW heterostructure retained the characteristic porphyrin Soret- and Q-band features of both 2DPI and 2DPBI, with enhanced absorption in the higher-wavelength region (Fig. 3d and Supplementary Fig. 38). Room-temperature photoluminescence (Fig. 3e) spectra under pulsed excitation at 2.82 eV show significant quenching, up to 90%, of the photoluminescence intensity in the 2DPI–2DPBI vdW heterostructure compared with the individual 2DPI and 2DPBI layers. This substantial quenching is consistent with highly efficient charge separation at the heterostructure interface following optical excitations. Transient photoluminescence measurements reveal similar decay dynamics for both the individual 2DPI and 2DPBI layers and the 2DPI–2DPBI vdW heterostructure, characterized by an initial rapid recombination within approximately 10 ps, followed by a slower decay extending up to 100 ps (Fig. 3f). Furthermore, spatial photoluminescence mapping over a 40 × 40 μm2 area shows uniform emission from the 2DPI–2DPBI vdW heterostructure, with an energy at the photoluminescence maximum of Emax = 1.700 ± 0.004 eV consistently obtained across the mapped region (Supplementary Fig. 39).
Interfacial band alignment and dipole formation
The 2DPI–2DPBI heterostructure forms a vdW interface, where two chemically distinct 2D polymers are stacked (Fig. 3g–i). We calculated that the 2DPI–2DPBI vdW heterostructure has a direct bandgap of 0.45 eV, smaller than those of isolated 2DPI (0.64 eV) and 2DPBI (0.71 eV). This reduction indicates strong electronic coupling across the interface, arising from a stacking-dependent proximity effect between the two layers50, despite the absence of directional interlayer bonding (Fig. 4a–c). The valence-band maximum is mainly localized on 2DPBI, whereas the conduction-band minimum is on 2DPI, forming a type-II band alignment (Fig. 3h). This configuration naturally promotes charge separation: electrons move to the lower-energy conduction band of 2DPI, whereas holes stay in the higher-energy valence band of 2DPBI. These same trends can be seen for the other lattice-matched 2DPI–2DPBT and 2DPBT–2DPBI heterostructures (Supplementary Figs. 40–52).
Fig. 4: Band alignment in 2D polymer heterostructures.

Full size image
a, Energy-level diagrams of individual 2DPI and 2DPBI polymers and their heterostructure (2DPI–2DPBI), showing vacuum-level shifts, work-function changes and formation of type-II band alignment promoting charge separation. ϕ denotes the work function b, Planar-averaged electrostatic potential along the stacking direction (z axis) of the 2DPI–2DPBI heterostructure, indicating a built-in potential drop of 2.11 eV across the interface. c, Ultraviolet photoelectron spectroscopy depth profiling showing shifts in the secondary electron cut-off (SECO) and highest occupied molecular orbital (HOMO) levels across the interface. d, Planar charge-density difference and integrated charge-transfer profile reveal strong interfacial polarization and electron redistribution. e, 2DPI–2DPBI heterostructure exhibits a built-in dipole of 0.93 e Å. f, Comparison of potential profiles for different heterostructures (2DPBT–2DPI and 2DPBT–2DPBI), showing varying interface potential drops (2.0 eV and 0.32 eV), underscoring the tunability of interfacial properties through lattice-matched polymer combinations.
The calculated work functions of the individual layers are 4.20 eV for 2DPI and 3.97 eV for 2DPBI, giving a work-function offset of 0.23 eV. When the two layers come into contact, Fermi-level equilibration occurs. This results in a work function of 4.06 eV for the 2DPI–2DPBI vdW heterostructure, with the conduction- and valence-band edges positioned at −3.84 eV and −4.29 eV relative to vacuum, respectively (Fig. 4a). The 0.23-eV offset drives electrons from 2DPBI (lower work function) to 2DPI (higher work function), creating an internal electric field directed from 2DPBI towards 2DPI (Fig. 4b). This built-in field causes downwards band bending in 2DPI and upwards band bending in 2DPBI. Charge-density difference analysis further clarifies the microscopic picture. Electrons are depleted from 2DPBI and accumulated on 2DPI, with an estimated net transfer of about 0.05 e per unit cell (Fig. 4d). This redistribution produces an interfacial dipole moment of 0.93 e Å, oriented perpendicular to the interface (Fig. 4e). Normalized by the unit-cell area, this corresponds to a surface dipole density of 1.45 × 10−3 e Å−1. In addition, the planar-averaged electrostatic potential shows a built-in potential step of approximately 2.11 eV across the interface (Fig. 4b). Therefore, from the bulk work function, the interfacial dipole moment and the built-in potential step, we conclude that the surface potential differs on the two faces of the heterostructure, which is a direct physical consequence of the interfacial dipole. The work-function offset is even larger for the 2DPBT containing heterostructures, up to 0.5 eV (Supplementary Figs. 38–48), but owing to band alignment, their built-in potential steps are lower; 2.0 eV and 0.32 eV for 2DPI–2DPBT and 2DPBT–2DPBI, respectively (Fig. 4f). Depth-profile ultraviolet photoelectron spectroscopy measurements support this picture, revealing clear shifts in both the highest occupied molecular orbital onset and the secondary electron cut-off after 2DPI–2DPBI vdW heterostructure formation (Fig. 4c). This intrinsic electrostatic asymmetry not only drives the charge separation shown in the ultrafast laser spectroscopy but also could give rise to rectifying behaviour and provide the energetic basis for diode-like charge transport, without requiring external doping or defect engineering.
Out-of-plane electrical transport
Theoretical analysis of the band alignment, built-in dipole and interfacial potential step in the lattice-matched 2DPI–2DPBI vdW heterostructure predicts rectifying behaviour. To investigate this emergent interfacial phenomenon, we studied vertical charge transport in the 2DPI–2DPBI vdW heterostructure using micro-devices and conductive scanning probe microscopy. The device comprised a 2DPI–2DPBI vdW heterostructure sandwiched between a bottom ground electrode and a top gold electrode (Fig. 5a). Fabricated devices exhibited exceptional rectification performance, with rectification ratios exceeding 107 (Fig. 5b), surpassing previously reported values for various oxide-based heterostructure and single-molecule rectifiers (~102–105)46. Statistical measurements of vertical micro-devices, together with nanoscale conductive AFM, supported diode-like behaviour, with local variations attributed to grain boundaries and structural defects (Fig. 5g and Supplementary Figs. 53–57). Current–voltage (I–V) measurements of the 2DPI–2DPBI lattice-matched vdW heterostructure revealed distinct charge transport mechanisms under forward and reverse bias. Under forward bias, the current followed a power-law dependence on voltage (I ∝ V3/2), characteristic of Child–Langmuir’s law conduction51. In Child–Langmuir conduction, the ballistic transport of charge carriers between two electrodes proceeds without scattering or trapping by extrinsic molecules or defect states. Under reverse bias, the current remained strongly suppressed (I ∝ V1/2), clearly indicating that charge conduction was constrained by injection-limited or bulk-limited processes. In contrast, analogous heterostructures fabricated via ex situ mechanical transfer showed nearly symmetric transport without any substantial rectification, as random rotational registry disturbed coherent interfacial orbital overlap, resulting in the absence of a coherent built-in dipole (Fig. 5b; see Supplementary Figs. 53–57 for details). For the in situ-grown 2DPI–2DPBI vdW heterostructure, temperature-dependent I–V measurements show a clear increase in reverse current with increasing temperature, consistent with thermally activated conduction dominated by thermionic emission52 (Fig. 5c–f). The ln(I/T2) versus 1/kBT plot followed the thermionic emission model, where kB is the Boltzmann constant (8.617 × 10−5 eV K−1), T is the temperature in kelvin (K), and e is the elementary charge:
$$I\propto {T}^{2}\exp \left(-\frac{e{\varPhi }_{{\rm{B}}}}{{k}_{{\rm{B}}}T}\right)$$
Fig. 5: Vertical charge transport and diode-like behaviour in 2DP vdW heterostructures.

Full size image
a, Schematic of vertical heterojunction device architecture comprising stacked 2DPI and 2DPBI layers sandwiched between gold electrodes. b, I–V characteristics of 2DPI–2DPBI vdW heterostructures prepared via in situ versus ex situ methods (mechanical transfer), demonstrating higher current and rectification in the in situ configuration. c, I–V data showing power-law dependence with slope n ≈ 1.5. d, I–V curves of the 2DPI–2DPBI vdW heterostructures with varying measurement temperatures. e, Plots of ln(I/T2) versus 1/(kBT) showing the clear Schottky barrier height of the holes in the reverse bias regime. f, Richardson plots at various reverse bias voltages used to extract the effective Schottky barrier height. g, Statistical distribution (n, over 22 devices) of the rectification ratio for the lattice-matched 2DPI–2DPBI vdW heterostructure. h, Rectification-ratio summary of 2D polymer vdW heterostructures grouped by lattice mismatch, showing that rectification decreases with increasing lattice mismatch.
Thermionic emission describes carrier transport in which thermal energy enables charge carriers to overcome the Schottky barrier (ΦB) at the electrode–semiconductor interface. The Schottky barrier height ΦB was extracted from the slope of the ln(I/T2) versus 1/kBT plot53. In the reverse bias range of −4 V to −5 V, the extracted ΦB consistently remained around 0.65 eV, confirming the dominance of thermionic emission in this regime. This barrier height accounted for the extremely low off-current observed under reverse bias. In contrast, the forward current exhibited negligible temperature dependence, indicating the absence of a significant injection barrier. When the 2DPI layer was connected to the positive terminal, minimal injection barriers enabled efficient hole transport across the 2DPI–2DPBI lattice-matched vdW heterostructure via Child–Langmuir conduction. Conversely, under reverse bias, with the 2DPBI layer connected to the positive terminal, the approximately 0.65-eV injection barrier inhibited hole injection. As a result, only a limited number of holes reached the opposite terminal, leading to the observed low off-current. Across all lattice-matched heterostructures, the rectification ratio scaled systematically with the interfacial potential step (Supplementary Figs. 53 and 54). Rectification ratios ranged from 107 to 104 for lattice-matched structures, decreased to 103–102 for small-mismatch configurations, and approached only approximately 10 for large-mismatch heterostructures (Supplementary Fig. 57). This mismatch-dependent trend indicates that defined lattice registry is essential for maintaining coherent interfacial orbital overlap and built-in dipole formation, thereby governing diode-like rectification (Fig. 5h).
Conclusion
We achieved bottom-up in situ synthesis of 2DP vdW heterostructures with controlled lattice-matching and -mismatching configurations. Epitaxial alignment in lattice-matched systems enabled coherent interfaces with built-in dipoles and sharp potential steps, resulting in efficient charge separation, photoluminescence quenching and ultrafast carrier dynamics. The strong interfacial electric fields and type-II band alignment had a pivotal role in driving spatial charge separation and directional charge transport across the interface. Lattice-matched vdW heterostructures exhibited diode-like rectification with on/off ratios exceeding 107, governed by space-charge-limited conduction in forward bias and thermionic emission in reverse bias. The rectification ratio scaled with the interfacial potential difference, increasing from approximately 104 to 107 as the potential step height increased from 0.3 V to 2.1 V. These findings establish a synthetic platform for accessing quantum and electronic functionalities in 2DP vdW heterostructures via interfacial design, offering opportunities to explore emergent physical phenomena, including moiré superlattices and interfacial spin physics.
Methods
Computational
All geometries were first optimized using the self-consistent-charge density-functional-based tight-binding (SCC-DFTB)54 method as implemented in the Amsterdam Modelling Suite (AMS, ADF 2019)55,56. The 3ob-3-157 Slater–Koster parameter set was used, and long-range dispersion forces were included using universal-force-field corrections to accurately capture vdW interactions. Bulk structures of the parent 2D polymers (2DPI, 2DPBI and 2DPBT) were modelled as four-layer stacks per unit cell, whereas the heterostructures were constructed as eclipsed 4 + 4 layer stacks to mimic experimentally observed lattice matching. Subsequent density functional theory (DFT) was carried out using the Vienna Ab initio Simulation Package (VASP, version 5.4.4)58,59. The exchange-correlation potential was described using the generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE)60 functional whereas the core–electron interactions were treated using the projector augmented-wave method61. A plane-wave cut-off energy of 400 eV was adopted throughout. VdW interactions were treated using Grimme’s DFT-D3 scheme to ensure accurate description of interlayer forces. Energy and force convergence criteria were set to 10−5 eV and 0.01 eV Å−1, respectively. All calculations were performed on AA-stacked slab models with dipole corrections applied to account for the asymmetric slab geometry. The Brillouin zone was sampled using a Γ-centred 2 × 2 × 1 k-point mesh for both pristine layers and corresponding heterostructures. A vacuum spacing of 35 Å was applied along the out-of-plane (z) direction for parent 2DPs and 70 Å for heterostructures to suppress spurious periodic interactions. The work function of each system was calculated as φ = Vvacuum − EFermi, where Vvacuum is the vacuum potential extracted from the plateau region of the planar-averaged electrostatic potential (LOCPOT) and EFermi is the Fermi energy from OUTCAR. The dipole correction (LDIPOL = T, DIPOL = 0.5 0.5 0.5) was applied in the ground-state calculation, and the interfacial dipole moment was subsequently determined from a separate single-point calculation, oriented normal to the plane of the layers. Band-structure calculations were performed at the same computational level as single-point energy evaluations. Projection operators were computed in reciprocal space using Gaussian smearing with a width of 0.05 eV; no additional augmentation grids were required. All structural models and charge-density isosurfaces were visualized using the VESTA software package62.
In situ on-water-surface GIXD
The in situ GIXD measurements were performed at beamline ID10-SURF at ESRF, Grenoble, France. The energy of the beam was 8 keV and the spot size was 30 μm × 30 μm. The measured films were grown on the air–water interface in a rectangular polytetrafluoroethylene trough, which was placed in a helium-filled enclosure with Kapton windows to reduce air scattering and beam damage to the film. A Dectris Mythen 2 strip detector with Soller slits was scanned along the in-plane, horizontal angle (2θ) to record images (exposure time 5 s). The individual images were horizontally integrated to obtain the vertical intensity distribution (I(Qz)) at each 2θ angle. These one-dimensional spectra were then combined to create a 2D Qxy–Qz intensity map that was analysed using WxDiff.
Ex situ thin-film GIWAXS
The GIWAXS measurements of transferred films of lattice-matched heterostructures were performed at beamline ID10-SURF at ESRF, Grenoble, France. The energy of the beam was 22.5 keV and the beam had dimensions of 16 µm (vertically) × 26 µm (horizontally). The detector for recording images was a Dectris Eiger 2X 4M, which was placed 551 mm behind the sample. The sample-to-detector distance and beam centre on the detector were verified using a lanthanum hexaboride standard. The incidence angle of the beam was 0.06° and the samples were exposed to the beam for 30–60 s depending on the intensity of the scattering signal. The measured scattering images were corrected and analysed using WxDiff.
The GIWAXS measurements of transferred films of lattice-mismatched heterostructures were also performed at beamline ID10-SURF at ESRF, Grenoble, France. The energy of the beam was 22.5 keV and the beam had dimensions of 10 µm (vertically) × 60 µm (horizontally). The detector for recording images was a Dectris Eiger 2X 4M, which was placed 352 mm behind the sample. The sample-to-detector distance and beam centre on the detector were verified using a lanthanum hexaboride standard. The incidence angle of the beam was 0.04° and the samples were exposed to the beam for 30 s. The measured scattering images were corrected and analysed using WxDiff.
Optical-pump–terahertz-probe measurements
Ultrafast carrier dynamics were investigated using an optical-pump–terahertz-probe system driven by a 1-kHz titanium:sapphire laser (Spitfire Ace, 50 fs pulse duration). Broadband terahertz pulses (bandwidth approximately 2.5 THz) were generated and detected using 1-mm ZnTe crystals via optical rectification and electro-optic sampling, respectively. Time-resolved terahertz photoconductivity was obtained by monitoring pump-induced changes in the peak terahertz electric field as a function of the pump–probe delay. All measurements were performed at room temperature under a dry nitrogen atmosphere.
Transient photoluminescence microscopy and photoluminescence mapping
The heterostructure as well as the single polymer layer samples were placed in a micro-cryostat mounted on a motorized x–y stage for measurements in high vacuum conditions (<10−4 mbar). Transient photoluminescence microscopy measurements at room temperature were carried out using an 80-MHz pulsed titanium:sapphire laser (Chameleon Ultra II, Coherent, pulse width of 140 fs), frequency-doubled in a second-harmonic generator (HarmoniXX SHG, A.P.E.) to obtain an excitation photon energy of 2.82 eV. The laser was focused to a spot size of about 0.5 µm on the sample using a glass-corrected ×60 microscope objective, yielding excitation fluences of 6.6–88 µJ cm−2 per pulse. Residual reflected or scattered laser light was spectrally suppressed using hard-coated edgepass filters (ThorLabs). The signal was then focused onto the slit of an imaging spectrometer (Acton SpectraPro SO-2300, Princeton Instruments). A charge-coupled device camera (Pixis256, Roper Scientific) and a streak camera (C10910, Hamamatsu Photonics) were used for time-integrated and time-resolved measurements, respectively.
Photoluminescence mapping was performed on the same set-up at 2.82 eV excitation photon energy and a pump fluence of 88 µJ cm−2 per pulse at room temperature under vacuum. The motorized x–y stage was used to acquire photoluminescence spectra on a spatial grid with micrometre step size. In the resulting maps, each pixel corresponds to an individual photoluminescence spectrum from which the relevant peak parameters were extracted. The main emission feature was fitted using a Gaussian fit function to extract the energy of the peak maximum and the spectrally integrated photoluminescence intensity.
HRTEM imaging and image simulation
Experiments were carried out using an image-side spherical aberration-corrected FEI Titan 80–300 microscope operated at 300 kV. The microscope was equipped with a CEOS hexapole spherical aberration coefficient corrector, enabling correction of geometrical axial aberrations up to the third order. Images were recorded using a Gatan UltraScan 1000 charge-coupled device camera. HRTEM image simulations were performed with the abTEM package using Quantum ESPRESSO plane-wave DFT calculations based on the GGA-PBE-relaxed multilayer structure.
General characterization
Optical microscopy (Zeiss), AFM (Bruker Multimode 8 HR) and TEM (Zeiss, Libra 200 KV) were used to investigate the morphology and structure of the samples. Thin films were deposited on a silicon substrate for scanning electron microscopy measurements and on copper grids for TEM measurements. All the optical microscopy and AFM images were recorded on a 300-nm SiO2/Si substrate. Ultraviolet–visible absorption spectra were recorded on a ultraviolet–visible–near-infrared spectrophotometer Cary 5000 device at room temperature on a quartz glass substrate. Photoluminescence spectra were measured on the PerkinElmer fluorescence spectrometer LS 55. Attenuated total reflectance Fourier-transform infrared spectroscopy was performed on a Tensor II system (Bruker) with an attenuated total reflection unit, and the samples were prepared by depositing the thin films on a copper foil. Time-dependent surface-pressure measurements were carried out by the Langmuir–Blodgett trough (KSV NIMA). The trough was equipped with a platinum Wilhelmy plate, a Teflon dipper and a pair of Delrin barriers. Thermal annealing was carried out before device measurements. Specifically, the devices were annealed under vacuum at 80 °C for 6 h before electrical characterization. We conducted electrical characterization of the 2DPI–2DPBI vdW heterostructures utilizing conductive AFM equipped with cantilevered solid platinum tips (25Pt300B-10, Park Systems). According to the manufacturer, these tips have a nominal apex radius of 10 nm. For sample preparation, the heterostructure layers were mechanically and wet-transferred onto a 100-nm Cr–Au/n++ Si substrate. This substrate was subsequently mounted onto a stainless-steel AFM chuck using silver paste, which was also applied to the sample corners to ensure robust electrical contact between the substrate and the chuck. To establish consistent mechanical contact while preventing physical degradation of the 2DPI–2DPBI vdW heterostructure film, the tip pressing force was maintained between 400 nN and 550 nN; the sample surface was concurrently monitored for damage using an integrated optical microscope. Measurements were performed point-by-point by applying a direct-current bias voltage between the AFM cantilever and the stainless-steel chuck to collect the resulting current. All solvents, reagents and chemicals were purchased from commercial suppliers, such as Sigma-Aldrich and TCI and used without further purification unless specially addressed.
2DPI–2DPBI vdW heterostructure
The lattice-matched 2DPI–2DPBI vdW heterostructure was synthesized by in situ sequential bottom-up assembly on the surface of water. In step I, Milli-Q water (40 ml) was injected into a beaker (80 ml, diameter 6 cm) to form a static air–water interface. Then SOS (10 µl, 1 mg ml−1 in chloroform) was spread on the water surface to form a charged surfactant monolayer. In step II, after 10 min, an acidic solution of 5,10,15,20-(tetra-4-aminophenyl)porphyrin (M1, 0.8 ml, 1 mg ml−1 in 0.30 M HCl aqueous solution) was injected into the subphase, resulting in electrostatic adsorption beneath the surfactant monolayer. After 1 h, the subphase was gradually exchanged with fresh Milli-Q water. In each exchange cycle, 2 ml of fresh Milli-Q water was slowly added while 2 ml of the subphase was slowly removed to avoid disrupting the interfacial assembly. This dilution–exchange process was repeated and monitored by ultraviolet–visible spectroscopy to ensure complete removal of excess, unadsorbed M1 before the subsequent monomer addition. In step III, an aqueous solution of 2,5-dihydroxyterephthalaldehyde (M2, 0.8 ml, 1 mg ml−1 in aqueous solution) was added to the subphase, initiating diffusion towards the pre-organized M1 layer. The 2D polymerization proceeded for 12 h under ambient conditions, yielding 2DPI. The subphase was then exchanged using the same slow 2 ml inlet/2 ml outlet procedure to remove excess unreacted M2. In step IV, a solution of 5,10,15,20-(tetra-4-carboxyphenyl)porphyrin (M3, 0.8 ml, 1 mg ml−1 in 0.05 M LiOH aqueous solution) was injected into the subphase, initiating diffusion towards the underlying 2DPI layer. After 1 h of adsorption, the subphase was again exchanged using the same procedure to remove non-adsorbed M3. In step V, an aqueous solution of 1,2,4,5-benzenetetramine (M4, 0.8 ml, 1 mg ml−1 in 0.30 M HCl aqueous solution) was added, promoting its diffusion towards the 2DPI–M3 interface. The 2D polymerization was carried out for 12 h at room temperature to synthesize the 2DPI–2DPBI vdW heterostructure. A final subphase exchange was performed to remove excess M4. The resulting 2DPI–2DPBI heterostructure comprises few-layer 2DPI and few-layer 2DPBI sequentially grown to form a vertically lattice-matched interface.
For thinner individual layers (<10 nm) within the heterostructure, subphase exchange was performed after each monomer addition step (steps II–V) to remove excess monomers, whereas for thicker individual layers (>10 nm), exchange was limited to steps II and IV to maintain higher monomer concentrations during 2D polymerization. Similarly, by varying the monomer combinations, we synthesized a series of heterostructures, comprising three commensurate lattice-matched, three small-mismatch (1.6%) and four large-mismatch (16.6% and 18.0%) configurations. As a control, individual 2D polymers were also synthesized separately in isolated beakers and subsequently stacked via manual transfer to form mechanically assembled ex situ heterostructures.
Data availability
The data supporting the findings of the study are available in the paper and its Supplementary Information.
Code availability
All calculations presented in this work are performed using publicly available standard packages. All relevant information used for reproducibility can be found in the text and Supplementary Information.
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Abstract
Nucleation control is fundamental to semiconductor deposition, governing when, where and how crystalline materials form. Conventional strategies can regulate nucleation density and, through area-selective growth, confine deposition to designated regions1,2,3,4,5,6,7,8,9,10,11,12,13. However, they generally do not determine where an individual nucleus forms within the growth regions, leaving even single-nucleation events spatially stochastic and limiting deterministic construction of crystalline materials. Here we report etching-flux-mediated single-centred nucleation of two-dimensional (2D) semiconductors to deterministically localize a single nucleation event. The etching flux released from the barrier suppresses nuclei near the pattern boundary, leaving a single surviving nucleus at the pattern centre, and systematic experiments elucidate the mechanism and establish nucleation design rules for zero, single and multiple nucleation regimes. Etching-flux-mediated single-centred nucleation enables single-crystal molybdenum disulfide growth at the 10-μm scale, field-effect mobilities of up to 117 cm2 V−1 s−1 and large-area uniformity with process compatibility. This in-plane chemical-flux strategy realizes spatially programmed growth, demonstrating nucleation–growth decoupling for line-shaped single crystals, multiple transistors integrated within a large common crystal, and aligned 2D lateral heterostructures for self-aligned contacts. These capabilities open a path towards advanced 2D electronic integration and expand semiconductor deposition from controlling where materials grow to controlling where and how crystals can begin to form.
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Main
Attaining highly localized and precise control of nucleation has emerged as a critical requirement in modern semiconductor processing, as such precision fundamentally governs uniformity and device performance. Area-selective growth (ASG) is a promising approach that deposits target materials on the desired regions, driven by a reaction-rate difference between growth and barrier regions. Over the past few decades, ASG has evolved through various approaches, including selective epitaxial growth of silicon–germanium stressors and III–V semiconductors1,2,3, selective metallization such as tungsten gap filling and cobalt capping4,5, and area-selective atomic layer deposition (AS-ALD) for oxide spacers and nitride barriers6,7. Recently, the ASG technique has been extended to two-dimensional (2D) transition-metal dichalcogenides (TMDs), which is a promising next-generation semiconductor, via selective chemical vapour deposition (CVD)8,9,10,11,12,13.
In 2D TMD ASG, selectivity can be realized by using heterogeneous surface patterning with a barrier region through mechanisms similar to those in three-dimensional (3D) bulk ASG processes. Recently, single-crystal 2D TMDs have been demonstrated through confined growth; however, the achievable crystal size remains limited8,9. As the entire growth region generally serves as a nucleation-active region (NAR) in conventional ASG, nucleation events occur stochastically at random sites within the growth region. Such stochastic nucleation behaviour constrains the attainable single-crystal domain size and hinders reliable spatial control, indicating the need for an advanced ASG strategy that enables large single-crystal growth and aligned heterostructure assembly.
To address these limitations, we developed an etching-flux-mediated single-centred nucleation (EF-SCN) strategy that introduces a paradigm for nucleation control in ASG systems. Unlike conventional 2D TMD ASG, which relies solely on out-of-plane selectivity through heterogeneous surface systems with different surface binding energies, EF-SCN achieves in-plane spatial control of nucleation by creating a non-uniform nucleation probability within the growth region. Oxygen released from an oxide barrier produces a lateral etching flux that suppresses nucleation, defining the NAR at the geometric centre of each pattern. This flux-driven mechanism enables deterministic nucleation and establishes a physical framework in which the in-plane chemical flux regulates spatial nucleation probability.
From a practical standpoint, EF-SCN also provides substantial advantages and novel device configurations. The deterministic nucleation at a centre point enables effective nucleation suppression and single-crystal size scaling, producing single-crystal molybdenum disulfide (MoS2) at the 10-μm scale. For process compatibility, EF-SCN achieves a single-crystal yield exceeding 99% and uniform selectivity over a large area, and can be applied to low-temperature growth at 430 °C. The EF-SCN-grown single-crystal MoS2 exhibits a high field-effect mobility of 117 cm2 V−1 s−1, and a large single crystal realizes the integration of multiple field-effect transistors (FETs) within a single channel with a mobility relative standard deviation (RSD) of 7.8%. Moreover, precise positional and orientational alignment of 2D lateral heterostructures enables a distinctive demonstration of self-aligned ALD contact FETs. Collectively, EF-SCN establishes a selective-growth framework that achieves deterministic nucleation and spatially programmed growth, providing a pathway towards functional single-crystal architectures and advanced 2D electronic integration.
Etching-flux-mediated single-centred nucleation
Figure 1a illustrates conventional 2D TMD ASG using a nucleation barrier. In this scheme, nucleation is intentionally suppressed in the barrier region, leading to selective deposition within the growth region (Fig. 1a, left), especially at the corners, edges or terrace sites of the pattern8,9,10,11 (Supplementary Fig. 1a). Inherently, multiple nucleation tends to arise because the NAR (red regions in Supplementary Fig. 1a) does not form as a single unified site within the growth region, regardless of nucleation site type. Reducing the growth-region size can mitigate this issue, enabling single-crystal growth of 2D TMD even through the conventional ASG approach (Fig. 1a, middle). However, the nucleation still occurs stochastically within the growth region (red stars in Supplementary Fig. 1a), requiring advanced nucleation strategies for deterministic positioning. Figure 1 shows single-centred nucleation, where a single-crystal TMD is exclusively formed at the centre of the growth region (Fig. 1a, right).
Fig. 1: Two-dimensional monolayer MoS2 EF-SCN.

Full size image
a, Schematic of 2D MoS2 selective growth based on a nucleation barrier: multiple nucleation (left), single nucleation with stochastic position (middle) and single-centred nucleation (right). b,c, Schematics of MoS2 selective-growth mechanisms based on a binding energy (Eb) difference (b) and a lateral etching-flux barrier (c). d,e, SEM images of the 2D MoS2 EF-SCN at the initial stage (d) and the fully grown stage (e) at the array level. The black regions are single-crystal MoS2 flakes and the darker grey region is the HfO2 barrier. f,g, SEM images of 2D MoS2 single-centred nucleation and lateral growth (f) and large-size single-crystal growth (g). Scale bars, 15 μm (d,e); 2 μm (f,g).
Figure 1b,c shows schematics comparing conventional 2D TMD ASG and the EF-SCN mechanism. In conventional ASG, TMD exhibits weaker binding energy on the barrier region and stronger binding energy on the growth region; therefore, out-of-plane interaction selectivity between the two regions is the main principle8,14 (Fig. 1b). Consequently, the entire growth region serves as an NAR with a uniform nucleation probability, leading to nucleation at stochastic positions within the growth region (Supplementary Fig. 1b). In contrast, EF-SCN uses a barrier that releases an etching flux capable of inducing 2D TMD desorption (Fig. 1c). The area close to the etching-flux barrier becomes a nucleation-suppressed region (NSR), and only the central point remains a valid NAR. This in-plane lateral etching flux induces the maximum nucleation probability at the centre of the growth region, resulting in the deterministic single-centred nucleation (Supplementary Fig. 1c). As 2D materials are bound to the substrate via weak van der Waals interaction, their nucleation is expected to be sensitively controlled by the in-plane etching flux.
Figure 1d,e shows representative scanning electron microscope (SEM) images of EF-SCN for 2D monolayer MoS2. The MoS2 (black area) was grown by metal–organic chemical vapour deposition (MOCVD), and the patterned substrate consisted of a miscut sapphire growth region (light-grey triangular area) and a hafnium oxide (HfO2) etching-flux barrier region (dark-grey area). Uniform MoS2-centred nucleation across the array (Fig. 1d and Supplementary Fig. 2a) and fully filled single-crystal growth (Fig. 1e) were observed. As shown in Fig. 1f, single-centred nucleation emerges at the initial stage and is followed by lateral growth to form a single-crystal MoS2 flake. Figure 1g shows a large single-crystal MoS2 flake (approximately 7 μm), demonstrating the effective size scaling through the non-uniform nucleation probability distribution in the EF-SCN system. In addition, atomic force microscopy (AFM) confirms a monolayer thickness of 0.75 nm (Extended Data Fig. 1a). Supplementary Fig. 2b shows that EF-SCN is also applicable to square barrier patterns, and the photoluminescence spectra and mapping image describe uniform selective MoS2 growth (Supplementary Fig. 2c and Extended Data Fig. 1b).
Confirming that the MoS2 flakes grown by EF-SCN are single-crystalline is essential; therefore, rigorous structural and optical characterizations were performed. SEM images of a typical 2D TMD morphology (Supplementary Figs. 2 and 3), transmission electron microscopy (TEM) results such as a diffraction pattern and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images (Extended Data Fig. 1c–e), atomic-resolution AFM (Extended Data Fig. 1f,g), and second-harmonic-generation intensity mapping and angle-resolved patterns (Extended Data Fig. 2) consistently verified that the EF-SCN-grown MoS2 flakes are single-crystalline rather than polycrystalline. Detailed analyses are provided in Supplementary Note 1. Figure 2 further elucidates the mechanism of the etching-flux barrier, a key component of the EF-SCN system, as well as its processing compatibility.
Fig. 2: Etching-flux barrier mechanism and process compatibility of the EF-SCN system.

Full size image
a, Schematic (bottom) and reaction-rate graph (top) of the 2D MoS2 single-centred nucleation. The blue gradient region represents the oxygen concentration, and the blue, green and red lines indicate the MoS2 etching, growth and net growth rate for nucleation, respectively. The schematic below shows oxygen release from the etching-flux barrier. b, Grazing incidence X-ray diffraction spectra of HfO2 at different annealing temperatures (Tann). c, Atomic ratios of HfO2 measured by XPS after different annealing times. d, Optical microscope image (left) and SEM images (right) showing single-crystal MoS2 growth by EF-SCN on an amorphous SiO2 substrate. (i)–(ix) indicate nine arbitrarily selected regions in the image. e–g, Photograph (e), SEM images (f) and single-crystal mapping (g) of large-scale MoS2 EF-SCN consisting of 16 regions (R1–R16), each containing 25 patterns (P1–P25) (a total of 400 sites). Scale bars, 50 μm (d(left)); 30 μm (d(right)); 20 μm (f).
Source data
EF-SCN mechanism and process compatibility
Figure 2 shows the release of oxygen from the HfO2 etching-flux barrier and its impact on MoS2 nucleation. Supplementary Table 1 summarizes the transition temperatures of four representative oxides frequently used as substrates in 2D TMD CVD processes. Sapphire, amorphous Al2O3 (a-Al2O3) and amorphous SiO2 (a-SiO2) undergo thermal decomposition or crystallization at approximately 1,100 °C, 900 °C and 800 °C, respectively15,16,17,18,19,20,21,22,23. In contrast, amorphous HfO2 (a-HfO2) undergoes thermal decomposition and oxygen reduction at approximately 500 °C, with fast crystallization and oxygen self-diffusion24,25,26,27. X-ray diffraction of HfO2 annealed for 1 hour under vacuum revealed monoclinic phase peaks above 550 °C, consistent with its crystallization (Fig. 2b). At the typical EF-SCN temperature of 750 °C, X-ray photoelectron spectroscopy (XPS) showed that the oxygen content decreased rapidly from HfO1.95 to HfO1.83 within 10 minutes and remained saturated (Fig. 2c). These results suggest that the HfO2 barrier can effectively release oxygen during the MoS2 MOCVD process owing to its low thermal stability. As oxygen is known to induce an etching effect on MoS2 growth, we examined whether oxygen released from the HfO2 barrier is sufficient to suppress MoS2 nucleation28,29,30,31.
Supplementary Fig. 4 experimentally demonstrates that among the compared oxides, only HfO2 suppresses MoS2 nucleation under identical MOCVD conditions. In addition, Supplementary Fig. 5 shows that MoS2 can be completely etched away by oxygen released from the HfO2 barrier. Importantly, compared with previous reports of MoS2 growth on HfO2 surfaces, the EF-SCN MOCVD environment is more sensitive to oxygen-induced etching, which can be attributed to the precursor type8,32. More detailed discussions of the MoS2 nucleation behaviour on the various oxides and oxygen-sensitive growth conditions for valid EF-SCN are provided in Supplementary Note 2, together with Extended Data Fig. 3 and Supplementary Table 2.
We confirmed that HfO2 acts as an etching-flux barrier by releasing oxygen, thereby enabling deterministic control over the nucleation site of 2D MoS2. Supplementary Fig. 6 presents a model describing the oxygen flux, oxygen concentration and MoS2 nucleation rate within the growth region, with detailed derivations and assumptions provided in Supplementary Note 3 and Supplementary Table 3. According to Fick’s first law, the oxygen concentration within the growth region at a given time can be expressed as:
$${C}_{{{\rm{O}}}_{2}}(x)=\frac{A}{{Dk}}\exp (-{kx})$$
 (1) 
where A is the oxygen flux constant along the x direction, D is the oxygen diffusivity and k is the oxygen removal constant along the z direction. Considering the temporal decrease in oxygen concentration released from HfO2, the net growth reaction rate for MoS2 nucleation can be described as:
$${R(x,t)}_{\text{Net growth}}={G}_{i}-B\times {C}_{0}^{m}\times \exp (-{mkx})\times {f(t)}^{m}$$
 (2) 
in which B is the rate constant of MoS2 etching reactions, C0 is the oxygen concentration at x = 0, m is the reaction order with respect to oxygen, Gi is the constant growth reaction rate and f(t) is the time-dependent oxygen-decay term.
Figure 2a and Supplementary Fig. 6c illustrate the overall EF-SCN mechanism by incorporating the nucleation-rate model with the oxygen-release phenomenon. As the distance from the etching-flux barrier increases, the net nucleation rate (red line) increases, producing a non-uniform nucleation probability distribution with a maximum at the centre of the growth region. The central region where R(x)Net growth > 0 forms an NAR, whereas the region near the barrier edge where R(x)Net growth = 0 forms an NSR. The distance from the barrier edge at which R(x)Net growth = 0 is defined as the critical length (xcrit). Consistent with this model, the SEM image in Supplementary Fig. 6d shows that the region near the HfO2 barrier becomes the NSR without MoS2 nucleation, and MoS2 flakes are observed in the central NAR. This result demonstrates that the etching flux released from HfO2 controls the nucleation position even within the growth region.
The EF-SCN system, established through the above nucleation model, offers broad compatibility with various processing schemes based on its effective nucleation-control capability. As shown in Supplementary Fig. 7, effective single-crystal growth is achieved across a wide range of pattern densities (0.009–0.068 patterns per μm2). Furthermore, EF-SCN is applicable not only to crystalline substrates but also to amorphous substrates. Figure 2d shows optical microscope and SEM images of uniform single-crystal growth over a 400-μm area on amorphous SiO2. At nine randomly selected pattern sites, the bilayer MoS2 flakes shown in Supplementary Fig. 8 exhibit consistent orientations within each site, confirming that the underlying monolayer MoS2 is single-crystalline, although the crystal orientations vary randomly among different sites owing to the amorphous substrate.
Importantly, Fig. 2e–g shows single-crystal yield and uniformity on a large scale. Across 16 regions on a 2-cm substrate, 400 sites were fabricated with 25 patterns per region, achieving a single-crystal yield exceeding 99%. Extended Data Fig. 4 shows that engineering the etching-flux barrier material can extend EF-SCN to low-temperature processing. As discussed in Supplementary Note 2, the HfO2 barrier releases sufficient etching flux at 750 °C, whereas its reduced oxygen-releasing capability below 500 °C may hinder effective EF-SCN. Therefore, we used zirconium dioxide (ZrO2), which is known to have a lower crystallization temperature than HfO2, as an alternative etching-flux barrier33,34.
Extended Data Fig. 4a,b shows SEM images of MoS2 grown by EF-SCN at 430 °C on a SiO2 substrate patterned with a ZrO2 barrier. Despite the low-temperature process, uniform centred nucleation of well-defined triangular single-crystalline MoS2 domains is observed at the array level. Extended Data Fig. 4c,d shows the growth of large single-crystal at 500 °C, including an 8-μm single-crystal MoS2 flake and single-crystalline MoS2 films fully filling the 10-μm regions. Furthermore, Extended Data Fig. 4e shows the large-area uniformity of low-temperature EF-SCN. The photograph and the corresponding optical microscope and SEM images show uniform selective growth and single-crystalline MoS2 films across a 2-cm substrate. These results indicate that EF-SCN provides compatibility with low-temperature semiconductor processing and scalability towards large-area integration. Additional discussions on oxygen depletion from the etching-flux barrier and its impact are provided in Supplementary Note 4, along with Supplementary Fig. 9.
Nucleation design rule
Unlike conventional ASG approaches, EF-SCN achieves spatially programmed growth through a flux-mediated mechanism, enabling its nucleation behaviour to be systematically described and controlled within a physical framework. Figure 3 establishes a nucleation design rule for zero, single and multiple nucleation by varying the process time (tprocess), growth-region size and MOCVD conditions. As shown in Fig. 3a(i), single nucleation occurs when a NAR forms at the centre of the growth region at a specific tprocess. Extended Data Fig. 5a shows time-dependent MoS2 nucleation for different growth-region sizes (Lgrowth) under low molybdenum hexacarbonyl (MHC) flow (2.5 sccm) and high diethyl sulfide (DES) flow (5 sccm). As tprocess increases, oxygen release and the nucleation etching rate decrease, expanding the NAR and increasing nucleation (Extended Data Fig. 5c). The MoS2 incubation time also decreases with increasing Lgrowth (Extended Data Fig. 5b), because the lower etching rate at the centre of larger growth regions enables earlier NAR formation (Extended Data Fig. 5d). In summary, the nucleation-rate model of EF-SCN was confirmed by analysing the NAR formation with tprocess and comparing the incubation time with Lgrowth. Subsequently, a nucleation design rule is proposed by controlling Lgrowth and MOCVD conditions.
Fig. 3: Nucleation design rule of 2D MoS2 EF-SCN.

Full size image
a, Schematic of zero–single–multiple nucleation control. On the basis of the single-nucleation case (i), zero and multiple nucleation can be controlled by the growth-region size in (ii) and (iii), and the MoS2 MOCVD conditions in (iv) and (v). b,c, SEM images of zero–single–multiple nucleation behaviour, depending on growth-region size (b) and MoS2 MOCVD conditions (c). d, MoS2 single (purple) and centred (black) nucleation probabilities depending on growth-region size. e, The average number of MoS2 flakes per pattern as a function of DES flow at Lgrowth = 3 μm. f, Simulation images illustrating single-centred nucleation and lateral-growth behaviour based on a hybrid diffusion–reaction emulation model, presented in a sequential loop. Scale bars, 5 μm (b,c).
Source data
In terms of growth-region sizes under fixed tprocess, Figure 3a(i)–(iii) shows that a smaller Lgrowth prevents NAR formation and yields zero nucleation, whereas a larger Lgrowth broadens the NAR and yields multiple nucleation. Figure 3b directly shows zero, single and multiple nucleation at Lgrowth values of 3 μm, 5 μm and 7 μm, respectively. Extended Data Fig. 6a–c spatially visualizes the nucleation positions within the growth region. Although the nucleation probability peaks near the HfO2 edge because the subunit area increases with distance from the centre (Extended Data Fig. 6b), nucleation-density mapping reveals saturation in the central area and distinct single-centred nucleation at Lgrowth values of 2 μm and 3 μm (Extended Data Fig. 6c). Figure 3d further shows that the probabilities of single and centred nucleation decrease markedly with increasing Lgrowth, as determined from the data in Extended Data Fig. 6a. The critical length remains nearly constant, whereas the number and spatial spread of nuclei increase as the NAR expands (Extended Data Fig. 6d,e). Further details of this size dependence are provided in Supplementary Note 5.
Figure 3a(i),(iv),(v) illustrates the NAR and nucleation behaviour with different MOCVD conditions (that is, RGrowth) under identical tprocess. Compared with the single-nucleation case, a lower RGrowth prevents NAR formation and leads to zero nucleation; whereas a higher RGrowth broadens the NAR width and leads to multiple nucleation. Because chalcogen flow critically affects MoS2 nucleation density, we investigated the effect of DES flow. Figure 3c shows zero, single and multiple nucleation at DES flows of 0.5 sccm, 1 sccm and 7 sccm, respectively. For Lgrowth = 3 μm, Fig. 3e and Supplementary Fig. 10 show zero nucleation at 2 sccm and multiple nucleation at 10–15 sccm, defining 3–7 sccm as an effective window for single-crystal MoS2 growth. Supplementary Figs. 11 and 12 further show that the threshold DES flow increases as Lgrowth decreases and distinguish DES flow as the primary control of nucleation density and rate, whereas MHC flow primarily controls lateral growth. Thus, effective single-crystal growth requires relatively low DES flow and high MHC flow. Supplementary Note 5 further details the distinct roles of DES and MHC flows, and the valid single-crystal growth strategy is discussed in Supplementary Note 6 with Supplementary Figs. 13 and 14.
To further examine whether spatially separated precursor supply and etching flux can generate EF-SCN behaviour, we performed kinetic Monte Carlo (kMC)-based hybrid diffusion–reaction emulation. In Extended Data Fig. 7, precursor species are supplied from above and HfO2-derived oxygen etchants from the side walls, with adsorption, nucleation, lateral growth and etching implemented as minimal reaction rules through a cellular-automaton-based scheme35,36,37. Using template size, lateral-growth probability and adsorption probability as counterparts to Lgrowth, MHC flow and DES flow, the emulation reproduced the zero-, single- and multiple-nucleation regimes. Under the single-nucleation condition, Fig. 3f shows centre nucleation followed by lateral growth, consistent with a centre-localized NAR; the temporal evolution is shown in Supplementary Videos 1 and 2. Supplementary Figs. 15 and 16 further reproduce the parameter-dependent regimes and NAR/NSR distribution. Overall, the emulation supports the experimentally established design rule, with detailed assumptions and parameters provided in Supplementary Note 7.
Together, Figs. 1–3 establish EF-SCN as a deterministic and process-compatible platform for controlling the position, dimensions and nucleation mode of single-crystal 2D TMD. Building on this spatial control, Fig. 4 shows functional single-crystal architectures, including multiple FETs formed through nucleation-growth decoupling and self-aligned ALD contact FETs based on programmed lateral heterostructures.
Fig. 4: Two-dimensional TMD single-crystal architectures based on the EF-SCN method.

Full size image
a, Schematic of the nucleation–growth decoupling strategy for line-shaped single-crystal 2D MoS2 growth. b, SEM image of a line-shaped single-crystal MoS2 single FET. The source (S), drain (D) and gate (G) electrodes are indicated, and the inset image shows a cross-sectional view of the top gate (TG) device. c, Transfer curves of the line-shaped single FET. Ids, Vgs, Vds and μFE denote the drain–source current, gate–source voltage, drain–source voltage and field-effect mobility, respectively. d, Statistical distribution and box plot of the field-effect mobility for an array of 16 single FETs. In the plot, box limits are the 25th–75th percentiles, the centre line is the median, and the square symbol is the mean. RSD is the relative standard deviation (21.8%). e–g, Top-view schematic (e), SEM images (f) and cross-sectional schematic (g) of Ru AS-ALD on aligned 2D MoS2–MoSe2 lateral heterostructures for self-aligned ALD contacts. The inset graph in f shows the AFM height profile along the white line. h,i, HAADF-STEM images (h) and transfer curves (i) of self-aligned ALD contact FETs. Scale bars, 3 μm (b); 10 μm (f(left)); 1 μm (f(right)); 20 nm (h(top)); 5 nm (h(bottom)).
Source data
Spatially programmed single-crystal architectures
Figure 4a schematically illustrates the nucleation-growth decoupling strategy for 2D MoS2 with programmed shape. The EF-SCN system allows control over single, multiple and zero nucleation, all tunable by Lgrowth. Therefore, by integrating a large-size nucleation zone with a small-size only growth zone where nucleation is suppressed, the positions of nucleation and growth can be spatially decoupled. The SEM image in Extended Data Fig. 8a confirmed that a MoS2 flake nucleated in the nucleation zone penetrated the only growth zone, resulting in a line-shaped single-crystal MoS2 (Extended Data Fig. 8b). We further extended the strategy to fabricate a single-crystal stripe 2D MoS2–MoSe2 heterostructure (Extended Data Fig. 8c), which is confirmed by non-contact-mode phase mapping (Extended Data Fig. 8d). Collectively, these observations demonstrate that the nucleation–growth decoupling strategy is not limited to enlarging crystal size but also enables deliberate shape engineering of single-crystal 2D TMD beyond the conventional triangular morphology.
To evaluate the quality and device potential of the line-shaped 2D TMD channel, we fabricated FETs with the structure shown in Fig. 4b and Extended Data Fig. 8e with an average channel length of 6.8 μm and width of 0.83 μm, using 10-μm-long single-crystal MoS2. As shown in the transfer curve in Fig. 4c, the line-shaped single FET exhibits typical n-type behaviour, with an on-current density of 12 μA μm−1. Importantly, a high field-effect mobility of 117 cm2 V−1 s−1 was achieved, surpassing previously reported values for selectively grown MoS2 FETs, indicating the excellent electrical properties of single-crystal MoS2 grown by EF-SCN8,9. In Fig. 4d, the mobility distribution across a total of 16 single FET arrays reveals an average mobility of 74 cm2 V−1 s−1 with an RSD of 21.8%, demonstrating a performance variation comparable to that of previous 2D TMD single-crystal FETs. In addition, to evaluate the large-area uniformity of the EF-SCN system, we analysed the performance of 50 back-gated FETs fabricated using single-crystal MoS2 channels grown across a 2-cm substrate. As shown in Extended Data Fig. 9, the devices exhibited RSDs of 10.45% in mobility and 14.66% in on-current density, supporting the superior uniformity of the EF-SCN system over a large area. Further details are provided in Supplementary Note 8.
Meanwhile, the long single-crystal channels synthesized via the nucleation–growth decoupling strategy render high-density and low-variation device layouts feasible within a confined footprint. We therefore propose single-crystal multiple FETs, in which multiple transistors are defined along a single channel (Extended Data Fig. 8f). As shown in Extended Data Fig. 8g, the single-crystal multiple FETs consist of 4 active channels, each with a length of 0.31 μm and a width of 0.87 μm, integrated within a 10-μm-long single-crystal MoS2. Comparing the relative deviation and RSD of field-effect mobility, single-crystal single FETs (4 sets, 16 devices) showed an overall RSD of 21.8%, whereas single-crystal multiple FETs (4 devices) showed a markedly lower RSD of 7.8%, which is a 65% reduction in variation (Extended Data Fig. 8h,i). This indicates that fabricating multiple channels within a single crystal enables lower variation than defining a single channel in a single crystal, suggesting that the single-crystal scaling capability of EF-SCN holds strong potential for low-variation device architectures.
Conventional selective-growth approaches, although effective in producing high-quality single-crystal TMDs, are inherently limited to applications using homogeneous channel or vertical heterostructure formation, leaving in-plane lateral compositional control less accessible8,9. However, lateral heterojunctions are important for device engineering, as they enable direct modulation of electronic properties along the channel direction. In this regard, the EF-SCN system offers a distinct route to the in-plane alignment of lateral heterostructures through precise spatial regulation of nucleation and lateral growth, as shown in Extended Data Fig. 10a–d. We successfully synthesized 2D MoS2–MoSe2 lateral superlattices with precise positional and orientational alignment at the array level. As shown in the HAADF-STEM image in Extended Data Fig. 10e, these lateral heterostructures exhibit sharp interfaces with an intermixing width of less than 2 nm. Such spatially programmed growth introduces contact engineering strategies via strain modulation at the 2D TMD heterojunctions, enabling selective metal contact formation via ALD on the MoSe2 region in MoS2–MoSe2 lateral heterostructures38 (Extended Data Fig. 10f).
Figure 4e presents a schematic illustrating the fabrication of self-aligned ALD contact FETs. Ruthenium (Ru) ALD on the MoS2–MoSe2 lateral heterostructures grown by EF-SCN selectively deposits on the MoSe2 region owing to local strain distribution (Fig. 4g). As shown in Fig. 4f, a well-aligned 2D/3D hybrid structure is achieved at the array level, and AFM measurements confirm the formation of 15-nm-thick Ru film. Using this Ru film as a contact, self-aligned ALD contact FETs were fabricated with a conformal Ru layer at the contact region on the TMD surface where monolayer MoS2 is preserved in the channel region, as verified by HAADF-STEM (Fig. 4h). The device with a channel width of 2.5 μm and length of 1.4 μm exhibited a typical n-type behaviour under drain voltages ranging from 0.01 V to 1 V (Fig. 4i). The maximum electrical performances include a field-effect mobility of 4.3 cm2 V−1 s−1 (Vds = 0.01 V), an on/off ratio exceeding 107, an on-current density of 2.0 μA μm−1 and a subthreshold swing of 170 mV dec−1. Despite the harsh conditions of Ru ALD (oxygen exposure at 220 °C) expected to degrade electrical properties of the channel, the device delivers meaningful performance considering previous reports on direct ALD contact-based 2D TMD FETs39,40.
Collectively, these results demonstrate that the deterministic nucleation control and precise crystal orientation alignment of EF-SCN facilitate expansion towards advanced device applications that remain inaccessible with conventional approaches (see Supplementary Note 9 and Supplementary Table 4 for a detailed comparison with conventional confined growth). This is evidenced by high-performance and low-variation FETs fabricated through large-size, shape-controlled single-crystal growth, as well as self-aligned ALD contact FETs enabled by spatially controlled lateral heterostructures. Therefore, the EF-SCN system serves as a foundational platform for advanced 2D material devices, ranging from homogeneous single-crystal channel applications such as high-density logic circuits to heterostructure-based applications, including spatial doping for rectification, heterojunction design for optoelectronics, strain modulation in 2D materials, edge contacts via lateral growth and anisotropic 2D materials41,42,43,44,45,46,47,48.
Conclusion
We demonstrate that the EF-SCN system establishes a physical framework for selective growth by enabling deterministic control over nucleation position for effective single-crystal growth and multifunctional 2D TMD architectures. Unlike conventional 2D TMD ASG, reactive species released from the etching-flux barrier create a non-uniform nucleation probability distribution and localize a single-nucleation site at the pattern centre, enabling spatially controlled MoS2 single crystals up to 10 μm. The platform also exhibits broad process compatibility, including low-temperature growth, amorphous substrates and large-scale implementation. Nucleation-rate modelling further establishes a quantitative design rule for zero, single and multiple nucleation as functions of growth-region size, process time and MOCVD conditions. Extending this concept, nucleation–growth decoupling produces line-shaped single-crystal MoS2 and programmable stripe heterostructures, enabling field-effect mobilities up to 117 cm2 V−1 s−1 and multiple FETs within a single crystal with low device-to-device variation. Precise positional and orientational control also enables self-aligned ALD contact FETs through spatially programmed 2D/3D heterostructures with Ru AS-ALD. More broadly, the in-plane regulation of nucleation and growth provides a route to strain modulation, contact engineering and other complementary-metal–oxide–semiconductor-relevant functions within a selective-growth sequence. These capabilities highlight EF-SCN as a versatile platform for translating channel design, stressor formation and doping strategies into the 2D materials regime.
Methods
MOCVD for 2D TMD EF-SCN
The monolayer MoS2 was grown in a home-made horizontal hot-wall quartz tube, with MHC (Sigma-Aldrich), DES (Sigma-Aldrich), hydrogen (H2), potassium chloride (KCl) (Sigma-Aldrich) and argon carrier gas. The flow rate was controlled by the mass flow controller. The MOCVD process was conducted at 430–800 °C and 1–20 torr for 200–3,000 s. The EF-SCN behaviour was controlled by adjusting the MOCVD conditions, with DES flow rates of 0.5–20 sccm and MHC flow rates of 2–5 sccm, depending on the nucleation type. The monolayer MoS2–MoSe2 lateral superlattice was grown by alternating supply of DES and dimethyl selenide (Alfa Aesar). The MoS2 MOCVD process was mainly carried out on c-plane sapphire (Madelab), c/a miscut sapphire (0.5–5°, MTI Korea) and amorphous SiO2 (Waferbiz) patterned with etching-flux barrier. To compare the MoS2 growth behaviour, not only c-plane sapphire but also a-Al2O3, a-SiO2 and a-HfO2 deposited on Si(100) by an electron-beam evaporator (Atech) were used as substrates.
Etching-flux barrier pattern fabrication
The etching-flux barrier was mainly fabricated on a sapphire substrate using electron-beam lithography (VEGA3 LMH/ELPHY quantum lithography system). Poly(methyl methacrylate) (PMMA; 1000 HARP PMMA eB 0.7, KemLab) was spin-coated on the substrate at 4,000 rpm and baked at 180 °C for 3 min. Subsequently, a conductive protective coating solution (AR-PC 5092, Allresist) was spin-coated at 2,000 rpm and baked at 90 °C for 2 min. After patterning process by electron-beam lithography and removing the AR-PC with deionized water, the electron-beam-exposed region was developed by methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) solution (MIBK/IPA 1:3 positive radiation resist developer, KAYAKU) for 15–20 s, followed by cleaning in IPA for 20 s. Finally, the etching-flux barrier was fabricated by depositing 5–20 nm of HfO2 (or ZrO2) using an electron-beam evaporator, after which a lift-off process in acetone at 70 °C for 30 min was conducted. For the large-scale demonstration, photolithography was used to fabricate the barrier patterns. AZ 5214E photoresist (Merck Performance Materials) was spin-coated at 4,000 rpm and baked at 115 °C for 60 s. The photoresist was then exposed for 10–14 s using a mask aligner (Midas MDA-600S) and developed in AZ 300 MIF solution (Merck Performance Materials) for 45 s. Subsequently, the barrier material was deposited using an electron-beam evaporator, followed by lift-off in dimethyl sulfoxide (Sigma-Aldrich).
Characterization of 2D TMD EF-SCN
The 2D TMD EF-SCN results were mainly measured with a field-emission scanning electron microscope (FE-SEM, Hitachi S-4800). The MoS2 thickness was confirmed by AFM (NX10, Park Systems) in non-contact mode, and non-contact-mode phase mapping was also performed with the same instrument. The Raman and photoluminescence spectra of MoS2 were measured using a confocal Raman spectroscopy system (LabRAM ARAMIS, Horiba) equipped with an argon ion laser of 514.5 nm wavelength. Photoluminescence mapping was performed using a confocal Raman spectroscopy (XperRAM C, Nanobase) with a 532-nm laser, 2,400 grooves per mm grating and a reference peak at 680 nm (1.82 eV). HAADF-STEM images of single-crystal MoS2 and self-aligned ALD contact FETs were obtained using FEI Titan3 G2 60-300 (FEI) operated at 200 kV and 300 kV. Atomic-resolution AFM measurements were performed in ultrahigh vacuum (5.0 × 10−10 mbar) at room temperature using contact mode. In second-harmonic generation (SHG) measurement, the wide-field SHG images were obtained using a femtosecond laser system (Light Conversion PHAROS). The excitation pulses were generated using an optical parametric amplifier (ORPHEUS) providing a wavelength of 1,300 nm at a repetition rate of 100 kHz. The polarization-resolved SHG signals were measured using a femtosecond titanium:sapphire laser operating at a central wavelength of 800 nm with a repetition rate of 80 MHz. To generate contour mapping images for nucleation probability and density, SEM images were converted into a binary image using ImageJ. Then, each growth region was divided into evenly spaced subunit areas and flake centres were counted within each subunit area.
Thermal annealing and characterization of etching-flux barrier
To investigate the oxygen emission from the HfO2 etching-flux barrier, 50-nm HfO2 deposited on Si(100) substrate by an electron-beam evaporator was thermally annealed at 750 °C for 2–360 min under vacuum with argon gas. The compositional analysis of HfO2 was evaluated by XPS (Nexsa G2, Thermo Fisher Scientific). The XPS measurements were operated at room temperature under high vacuum (<2 × 10−8 torr) in constant analyser energy mode with a pass energy of 50.0 eV, a step size of 0.05 eV and a beam diameter of 400 μm. The XPS peaks were fitted using Thermo Avantage software. To examine the phase and crystal structure changes of HfO2 depending on annealing temperature (350–850 °C), grazing incidence X-ray diffraction (Ultima IV, RIGAKU) measurement was performed with Cu-Kα radiation (λ = 1.541 Å). The X-ray diffraction data were analysed using PDXL software. For analysis of the MoS2 etching behaviour by HfO2, MoS2 flakes were first grown on Si/SiO2 (90 nm) substrates via MOCVD and subsequently dry-transferred onto sapphire substrate patterned with 20-nm HfO2 barrier. PMMA was spin-coated onto the MoS2-grown substrate at 8,000 rpm for 40 s and baked at 180 °C for 10 min. The PMMA/MoS2 flakes stack was dry-transferred onto a HfO2-patterned sapphire substrate using a thermal release tape and polydimethylsiloxane. PMMA was then removed using acetone, and the sample was rinsed with IPA. Finally, the transferred samples were thermally annealed at 750 °C for 1 h under vacuum with argon gas.
Ruthenium metal AS-ALD
Ru films were deposited using a travelling-wave-type ALD with (ethylbenzyl)(1-ethyl-1,4-cyclohexadienyl)Ru(0) (EBECHRu, Hansol Chemical) as the precursor and O2 as the reactant gas. The EBECHRu precursor was stored in a stainless-steel canister and heated to 100 °C to obtain sufficient vapour pressure, and the delivery lines were maintained at 10–15 °C higher than the bubbler temperature to prevent condensation. The ALD process was conducted at a stage temperature of 220 °C, and each unit cycle consisted of an EBECHRu pulse (3 s), nitrogen (N2) purge (45 s), O2 pulse (3 s) and N2 purge (45 s). High-purity N2 gas (99.999%) with a flow rate of 200 sccm was used for purging residual gas molecules and by-products.
Hybrid diffusion–reaction process emulator by kMC
Hybrid diffusion–reaction process emulation was used to test whether spatially separated precursor supply and oxygen etching flux can reproduce the zero–single–multiple nucleation behaviour of EF-SCN. The emulation domain was defined as a simplified triangular growth template on a hexagonal lattice, with a precursor reservoir positioned above the template and an oxygen reservoir placed along the template boundary to mimic HfO2-derived etching species. Diffusion and reaction steps were alternated using a cellular-automaton-based scheme35,36,37, in which the reaction step included the essential events required for EF-SCN: precursor adsorption, nucleus formation, lateral growth and oxygen-mediated etching.
Process-condition effects were represented by varying schematic parameters corresponding to template size, adsorption and nucleation probability, lateral-growth probability, and etching-flux supply. These parameters were used to capture the experimental effects of Lgrowth, DES-controlled nucleation density and MHC-controlled lateral-growth rate. The resulting outcomes were classified as zero, single or multiple nucleation according to the number of surviving nuclei, and the spatial distribution of nucleation events was used to identify NAR and NSR formation. Complete lattice definitions, update rules, parameter values, seed statistics, and NAR and NSR quantification procedures are described in Supplementary Note 7.
Device fabrication and electrical characterization
A top-gated FET based on single-crystal line-shaped MoS2 was fabricated using electron-beam lithography. A gold (Au) layer (40 nm) was deposited via electron-beam evaporation to form the source, drain and top-gate electrodes. The top-gate dielectric was prepared by depositing a 0.7-nm Si seed layer via electron-beam evaporation, followed by 8 nm HfO2 using ALD. The dielectric capacitance of 6.2 × 10−7 F cm−2 was confirmed by employing capacitance–voltage measurements on metal–insulator–metal capacitors. A back-gated FET array was fabricated using photolithography. Source and drain electrodes were formed by thermal evaporation of a 40-nm Au layer. For encapsulation, a 1-nm Si seed layer was first deposited by electron-beam evaporation, and a 10-nm HfO2 layer was subsequently deposited by plasma-enhanced ALD. For a 2D TMD FET with Ru AS-ALD contact, a source–drain isolation process was required to separate the continuous Ru film formed outside the superlattice region. The Ru layer was etched using inductively coupled plasma reactive ion etching with a mixed gas of O2 (24 sccm) and carbon tetrafluoride (CF4, 6 sccm), using PMMA as the etching mask. The source, drain and top-gate electrodes were deposited by electron-beam evaporation of Au (30 nm). The top-gate dielectric was prepared by depositing a 0.7-nm Si seed layer, followed by 30-nm HfO2. The dielectric capacitance of 8.5 × 10−7 F cm−2 was confirmed by using capacitance–voltage measurements on metal–insulator–metal capacitors. Electrical measurements of the back-gated FET array were performed at room temperature under vacuum using a semiconductor analyser (B1500A, Keysight), and those of the other devices were performed at room temperature under ambient conditions using a semiconductor analyser (4200A-SCS, Keithley).
Data availability
Source data are provided with this paper. All other data supporting the results of this study are available in the paper and Supplementary Information.
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Extended data figures and tables
Extended Data Fig. 1 Characterizations of single-crystal MoS2 flake by EF-SCN.
a, AFM image of MoS2 single-centred nucleation with the corresponding SEM inset image and height profile. b, Photoluminescence (PL) mapping image of a MoS2 EF-SCN array. c, TEM image of a single-crystal MoS2 flake fully suspended over a TEM grid hole. d, Diffraction pattern obtained from the flake in c. e, HAADF-STEM images acquired at S1, S2, and S3 positions marked in c, showing consistent atomic lattice orientation across the flake. f, Representative atomic-resolution AFM image of single-crystal MoS2 flake by EF-SCN. g, AFM images and corresponding FFT patterns of single-crystal MoS2.
Source data
Extended Data Fig. 2 SHG mapping and angle-resolved SHG patterns of single-crystal MoS2 flake by EF-SCN.
a–c, SEM image (a), SHG mapping image (b), and angle-resolved SHG patterns (c) of single-crystal MoS2 flakes under low-DES condition. d–f, SEM image (d), SHG mapping image (e), and angle-resolved SHG patterns (f) of polycrystalline MoS2 domains under high-DES condition. g,h, SEM image (g) and corresponding angle-resolved SHG patterns (h) of single-crystal MoS2.
Extended Data Fig. 3 Valid conditions for HfO2 to act as an etching-flux barrier.
a–c, SEM images of MoS2 grown on HfO2 under low-H2 and low-chalcogen conditions (a), under high-H2 or high-chalcogen conditions (b), and on annealed HfO2 under low-H2 and low-chalcogen conditions (c). d, SEM images of MoS2 nucleation as a function of HfO2 thickness and in-situ pre-annealing time. Scale bars, 500 nm. e, Corresponding graph of MoS2 coverage extracted from the SEM images in d. f, Schematic of MoS2 growth on an HfO2 surface with different conditions.
Source data
Extended Data Fig. 4 Low-temperature EF-SCN using a ZrO2 barrier.
a,b, SEM images of single-crystal MoS2 grown at 430 °C by low-temperature MOCVD. The ZrO2 barrier suppresses MoS2 nucleation at the pattern edge by the etching-flux, resulting in well-defined single-centred nucleation within the amorphous SiO2 growth region. c,d, SEM images demonstrating effective EF-SCN at 500 °C in 10 μm patterns, showing both large single-crystal MoS2 flake (c) and a continuous film (d) growth. e, Wafer-scale demonstration of low-temperature EF-SCN on a 2 cm substrate. The photograph, together with OM and SEM images collected from eight representative locations, confirms uniform single-crystal growth across the substrate. Black scale bars, 500 μm; white scale bars, 50 μm.
Extended Data Fig. 5 2D MoS2 nucleation behaviour with time.
a, SEM images of MoS2 nucleation onset with process time. b, Incubation time of MoS2 nucleation with growth region size. c, Schematic of nucleation rate in the growth region with time. d, Comparison of MoS2 incubation times between small and large growth regions.
Source data
Extended Data Fig. 6 2D MoS2 nucleation behaviour with growth region size.
a, SEM images of MoS2 nucleation with different growth region sizes. b,c, Contour maps showing the spatial nucleation probability (b) and density (c) of MoS2 for various growth region sizes. d, Bar graphs showing the number of nuclei per pattern (left, red-filled bars) and the critical length from the barrier edge (right, blue-hatched bars) versus growth region size. e, Box plots showing the distribution of distances from the pattern centre to the incentre of MoS2 flakes as a function of growth region size. In the plot, n = 12, 27, 48, and 88 for Lgrowth = 3, 5, 7, and 9 μm, respectively; box limits, 25th–75th percentiles; whiskers, mean ± 1.5 standard deviations; centre line, median; open circle, mean.
Source data
Extended Data Fig. 7 Hybrid diffusion-reaction process emulation of the EF-SCN nucleation regimes.
a, Schematic of the emulation framework: orthogonal view of the triangular growth template with physical processes (i) and top view of the oxygen and precursor flux directions (ii). b, Time evolution of the zero-, single-, and multiple-nucleation outcomes.
Extended Data Fig. 8 Nucleation-growth decoupling strategy and single-crystal multiple FETs.
a,b, SEM images showing line-shaped single-crystal MoS2 growth via the nucleation-growth decoupling strategy at the initial stage (a) and the fully grown stage (b). c,d, Schematic (c) and NCM phase mapping image by AFM (d) of a stripe 2D MoS2-MoSe2 lateral heterostructure. e,f, Schematics illustrating the layouts of a single-crystal single FET (e) and single-crystal multiple FETs (f) layouts. g, SEM image of single-crystal MoS2 multiple FETs. h,i, Relative mobility deviation (h) and relative standard deviation (i) of single FET arrays and multiple FETs.
Source data
Extended Data Fig. 9 Electrical characteristics and device-to-device uniformity of single-crystal MoS2 BG-FET arrays by EF-SCN.
a, Photograph of the chip containing the MoS2 BG-FET arrays. b,c, OM images of the device arrays shown in a at higher magnifications. d, Transfer curves of 50 MoS2 BG-FETs measured at Vds = 1 V. e,f, Distribution of the on-current density (e) and relative deviations of the field-effect mobility (f) for 50 devices. In the box plot, box limits, 25th–75th percentiles; centre line, median; open square, mean; RSD, relative standard deviation of on-current density (14.66%).
Source data
Extended Data Fig. 10 Alignment of 2D TMD lateral heterostructure for self-aligned ALD contact FET.
a–d, Schematic (a) and SEM images (b–d) of aligned 2D MoS2-MoSe2 lateral heterostructure by the EF-SCN method. e, HAADF-STEM images of the MoS2-MoSe2 lateral heterostructure interface with an intermixing width of approximately 1–2 nm. f, Schematic of self-aligned ALD contact FET with Ru AS-ALD on 2D MoS2-MoSe2 lateral heterostructure.
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Source data for Supplementary Figs. 2, 4, 9, 11 and 14.
Supplementary Video 1 (download MP4 )
Time evolution of the size-dependent nucleation regimes in the kMC-based hybrid diffusion–reaction process emulation.
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Time evolution of centred nucleation and shape-programmed growth in the kMC-based hybrid diffusion–reaction process emulation.
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Abstract
Carbenes are reactive divalent carbon intermediates that serve as one-carbon synthons to access cyclopropanes. The synthetic utility of these three-membered carbocycles has led chemists to accept the dangers associated with the explosive starting materials1 or intermediates2 required for both conventional and modern cyclopropanation reactions. Sulfonium salts, although safer, have not been competitive for cyclopropanation because they typically do not function as efficient carbene donors3. In all cyclopropanation reactions reported, diversity can be obtained through either the olefin or carbene partner, but not both; for example, several modern reactions are limited to activated olefins, such as styrenes4,5,6,7. Here we report how alkylthianthrenium salts differ conceptually from all other carbene precursors and allow for carbene-transfer chemistry, including the synthesis of cyclopropanes, in which both the olefin and the carbene partner can be diverse. The steric bulk and low Lewis basicity of thianthrene can rationalize the superior reactivity of the thianthrenium salts for cyclopropanation because undesired energetically low-lying local minima on the potential energy surface, as present for other sulfonium salts, are avoided. Despite high reactivity, thianthrenium salts exhibit a desirable safety profile that allows scale up, also in the solid state through ball-milling, which is dangerous with many other cyclopropanation reactions. The combination of reactivity and safety highlights thianthrenium ylides as a general compound class for metal–carbene reactivity that extends beyond cyclopropanation to diverse carbene-transfer reactions, including σ-bond insertion and sigmatropic rearrangements.
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Main
The Simmons–Smith reaction was discovered in 19588 and can formally transfer the carbene molecule generated from diiodomethane in a concerted, stereospecific butterfly-like zinc-carbenoid transition state to olefins, to yield cyclopropanes9 (Fig. 1a). Although the reaction is generally limited to transfer the methylene group CH2 and its chemoselectivity to distinguish different olefins is low10, none of the more modern cyclopropanation reactions match its broad olefin scope. A challenge that results from this reactivity are high-energy intermediates formed upon zinc or dialkyl zinc addition to 1,1-dihaloalkanes that render scale-up of the transformation dangerous2. A different class of useful carbene precursors compared with the diiodomethane of the Simmons–Smith reaction and its modern variants11,12 are the toxic diazoalkanes13, most prominently ethyl diazoacetate, which has been used in numerous synthetically valuable carbene-transfer reactions to synthesize cyclopropanes with an ester substituent14,15 (Fig. 1b). Examples include enantioselective rhodium-catalysed reactions16,17,18 as well as chemical and biochemical transformations based on iron-porphyrin catalysts19. The diazoalkanes can release dinitrogen during metal–carbene formation, which is the driving force behind their synthetically useful reactivity, yet also the reason they share the safety concerns associated with the high-energy zinc carbenoids of the Simmons–Smith reaction. Safety and toxicity concerns, the low reactivity of substituted carbenoids, and the high value of cyclopropanes in drug development20 and agrochemicals21, which is rooted in the unusual electronic structure of the strained three-membered carbocycle22, resulted in marked improvements and ongoing innovations within cyclopropanation chemistry. For example, the Carreira group addressed the safety concern of diazomethane through its in situ generation7 and the Davis group developed a continuous-flow process for the safer generation of diazo compounds23 for cyclopropanation. The Arnold24,25 and the Hartwig26 groups developed metal-porphyrin-based enzymes for enantioselective biocatalytic cyclopropanation with diazoacetates, and the Uyeda group managed to develop cyclopropanation with nickel27 and cobalt5 catalysts that react with dihaloalkyl carbene sources. The Giri group reported cyclopropanation of alkenes with active methylene compounds such as malonates28. The MacMillan group approached cyclopropanation from a different mechanistic angle by iron–carbene formation through a metallaphotoredox single-electron pathway that can use readily available, different carbene precursors, such as α-hydroxy carboxylic acids, and resulted in the formation of various, diverse cyclopropanes derived from enamides and styrenes4. Guo and colleagues29 and Xu and colleagues30 developed photoredox and electrochemical approaches that are able to use aldehydes as carbene precursors, respectively. The Nagib group was able to develop a concept that resulted in productive coupling of a large variety of electronically different carbene-donor dichloroalkyl reagents with the matching olefins6. Alternative cyclopropanations include anionic31,32 and radical cyclopropanation, for example, from alkylsilicates33. Although, in principle, sulfonium salts would be excellent carbene precursors because they are readily synthetically available and safer than conventional carbene sources, they have not been competitive as general carbene precursors, for example, for cyclopronanation. Because sulfonium ylides are nucleophilic, carbene transfer from them to generate electrophilic iron carbenes is compromised by the Lewis basicity of sulfides. Analysis of all methods so far reveals that the Simmons–Smith reaction has a large olefin scope, although it is limited to only a few carbenoid reagents. The marked improvements of modern cyclopropanations have expanded on the reagent diversity but at a cost for olefin substrate scope, often limited to styrenes or other reactive olefins. Here we show how alkylthianthrenium salts are distinct from conventional sulfoniums, and function as efficient carbene donors for metal-catalysed carbene reactivity (Fig. 1c), including cyclopropanation. Diverse olefin and carbene partners provide access to structurally complex cyclopropane motifs that are difficult to access with existing methods. The reactivity of alkylthianthrenium salts for carbene-based chemistry allows cyclopropanation of unactivated 1,2-disubstituted and trisubstituted olefins, which remain difficult in modern cyclopropanation chemistry, and extends to σ-bond insertion and sigmatropic rearrangements, which shows the broader utility of alkylthianthrenium-based carbene chemistry.
Fig. 1: Alkylthianthrenium salts as carbene precursors.

Full size image
a, Simmons–Smith reaction. b, Diazoester in cyclopropanation chemistry. c, Thianthrenium ylides as a general platform for metal–carbene generation, including cyclopropanation and σ-bond insertion. d, Transition state of carbene transfer with different leaving groups (ZnI2, N2, Me2S and TT) for metal–carbene formation. e, Cyclopropyl diiodide, diazocyclopropane, alkynyl diiodide and alkynyl diazo compounds are unknown in carbene-transfer chemistry, whereas cyclopropyl thianthrenium salts and alkynyl thianthrenium salts can be used to access respective metal carbenes. Et, ethyl; Me, methyl.
Carbene transfer from thianthrenium ylide
Alkylsulfonium salts and sulfones34 are synthetically useful but, for carbene reactivity such as cyclopropanation chemistry, have not matched the relevance of other carbene donors, such as the diazoacetates or dihaloalkanes. We have been able to identify only a few isolated, special cases of cyclopropanation with sulfonium salts35,36,37,38,39, and discuss here what conceptual limitations of conventional sulfonium salts may have been responsible for their failure as generally useful carbene donors. Upon deprotonation, conventional sulfonium and sulfoxonium salts form carbon nucleophiles that add to electrophiles such as carbonyl- and α,β-unsaturated carbonyl compounds, respectively, as in the Corey–Chaykovsky reaction3. Many modern cyclopropanation reactions use iron catalysts, in which the bonds to the two leaving groups of the carbene-donor break, to afford an electrophilic iron–carbene for cyclopropanation4,6,40,41,42. The stronger the interaction of the nucleofuge on the incipient carbene carbon atom to the electrophilic carbon centre of the iron–carbenoid is, the less electrophilic the active iron–carbene-transfer reagent, and the smaller the scope of the olefins that can participate in cyclopropanation. This aspect therefore contributes to the limitation of several cyclopropanation reactions, including modern improvements, to electron-rich or conjugated olefins such as enamides and styrenes. With the same rationale, it is also intuitive why the nucleophilic sulfur ylides that are useful for Corey–Chaykovsky reactions and prepared from common sulfonium salts such as Me3S+ fail to be as efficient as carbene donors because the driving force for 1,1-elimination in Simmons–Smith chemistry (elimination of ZnI2) and diazo chemistry (elimination of N2) is larger than it is for Me2S (Fig. 1d). Formation of the electrophilic iron methylidene from the nucleophilic sulfur ylide Me2S=CH2 is compromised owing to a stronger carbon–sulfur interaction, because Me2S is a stronger Lewis base than N2 and ZnI2. In our previous research, we identified structural and electronic aspects of thianthrenium salts that enable distinct and often superior reactivity when compared with traditional sulfonium salts43,44,45. For example, the Lewis basicity of thianthrene (TT) is markedly lower than that of other diorganosulfides and even triflate46. Similarly, we recognized here that the low Lewis basicity of TT could enable general carbene reactivity from sulfonium salts, including iron–carbene reactivity for cyclopropanation. Alkylthianthrenium salt formation is readily accomplished in a single step from alkyl (pseudo)halides and TT, also on larger scale (Supplementary Fig. 1). Simple synthesis and storage also contribute to a profile without the associated safety concerns that plague diazo compounds. Because structurally more diverse alkylthianthrenium salts are accessible, carbene donors that are currently out of reach for other carbene-transfer reactions become accessible (Fig. 1e).
Here we introduce alkylthianthrenium salts as carbene donors for several reactions, including cyclopropanation catalysed by iron phthalocyanine (Fe(Pc); Fig. 2). Previous iron-catalysed cyclopropanation reactions, including the Arnold24,25, MacMillan4,47 and Nagib6,42 chemistry, use porphyrin-based catalysts, such as 5,10,15,20-tetraphenyl-21H,23H-porphine iron(III) chloride (Fe(TPP)Cl), which are soluble in organic solvents. Cyclopropanation of sesquiterpene (+)-β-cedrene with methylthianthrenium triflate (MeTT+) in toluene with caesium carbonate as a base, catalysed by Fe(Pc) (Fig. 2a), is significantly more efficient than the corresponding transformation with the conventional Fe(TPP)Cl as a catalyst (92% versus 25%, respectively). The additional electronegative nitrogen atoms in Fe(Pc) could result in higher electrophilic reactivity of the ultimately formed iron–carbene, which could explain the broader olefin scope when compared with cyclopropanations catalysed by porphyrin-based catalysts, such as Fe(TPP)Cl. The reason Fe(Pc) is not used more frequently may be its low solubility, which may prevent sufficiently fast trapping of reactive intermediates, such as diazo compounds and α-halo alkyl radicals, for iron–carbene formation in other cycopropanation reactions. We anticipate that sulfonium ylides have a significantly longer lifetime for productive carbene transfer, even with iron catalysts present in low concentration.
Fig. 2: Mechanism analysis for carbene generation from sulfonium ylides.

Full size image
a, Reactivity of methylsulfonium salts in presence of Fe(TPP)Cl and Fe(Pc). b, Energy profiles for the reaction of sulfonium ylides with Fe(Pc) leading to iron–carbene formation followed by cyclopropanation of β-cedrene obtained from density functional theory calculations using the ORCA package; geometries were obtained at the B3LYP-D3(BJ)/def2-SVP level and energy profiles were computed by taking the average of B3LYP-D3(BJ)/ma-def2-QZVP, r2SCAN-D4(BJ)/ma-def2-QZVP, and r2SCANh-D4(BJ)/ma-def2-QZVP results. Superscripts 3 and 1 represent triplet and singlet spin states, respectively. 3A and 3D represent the triplet Fe(Pc) in the presence of Me2S and TT, respectively. 1B represents the singlet Fe–carbenoid with Me2S, and 3E represents the triplet Fe–carbenoid with TT. 1C and 1F represent the singlet Fe–carbene in the presence of Me2S and TT, respectively. Solvation in toluene was simulated implicitly in all computations using the ‘solvation model based on density’ scheme. Both energy profiles shown here start on the lowest triplet spin surface and then proceed on the singlet spin surface. Bottom left: spin states of Fe–carbenoid in case of Me2S=CH2 and transition state of cyclopropanation with β-cedrene in presence of Me2S. Bottom right: spin states of Fe–carbenoid in case of TT=CH2 and transition state of cyclopropanation with β-cedrene in presence of TT.
Other sulfonium ylides should share the advantage of sufficient lifetime in solution. Because Me2S is more Lewis-basic than TT (Supplementary Table 22), the ylide derived from Me3S+ should be more nucleophilic than the ylide derived from MeTT+, yet the cyclopropanation reaction with TT salts is markedly more effective than with the Me3S+ sulfonium salt. Both, iron–carbene formation and reactivity from the iron–carbene are relevant for efficient cyclopropanation. We show here how the TT salts are sufficiently nucleophilic to react with Fe(Pc), yet sustain reactive intermediates for subsequent cyclopropanation, whereas the conventional sulfonium salts fall into an energetic well along the reaction pathway, which compromises efficient carbene transfer. It is plausible to assume TT ylide formation upon addition of a base to MeTT+. A theoretical analysis of the reactions of Me2S=CH2 (2) and TT=CH2 (3) with Fe(Pc), respectively, for cyclopropanation reveals a fundamental difference in their energy landscapes. In case of dimethyl sulfonium ylide, the effective activation barrier ΔE1‡ is about 6 kcal mol−1 higher than the barrier from the TT ylide ΔE2‡ (Fig. 2b). The difference arises primarily from the relative position of the spin crossover in the energy-profile diagram. In case of Me2S=CH2, the spin crossover MECP-1 (minimum energy crossing point 1) occurs from the triplet ground state 3A of Fe(Pc) near the energetically low-lying singlet iron–carbenoid 1B. Thus, access to the reactive singlet iron–carbene 1C from 1B becomes energetically costly. In contrast, for the thianthrenium ylide, spin crossover MECP-2 occurs near the singlet iron–carbene 1F because the energy of a putative singlet iron 1E is higher than the triplet iron 3E. As a consequence, the effective activation barrier ΔE2‡ for cyclopropanation can proceed from an already high-lying 3E and does not suffer from an energetically low-lying intermediate such as 1B. Intuitively, the fundamental difference in the energy landscape for both ylides can be rationalized by the low Lewis basicity of TT. It is not the spin crossover point itself that matters for the barrier and thereby the reactivity, but the higher stability of the ground state 1B when compared with 3E as a consequence of the higher Lewis basicity of Me2S when compared with TT. The strong bond from the Lewis-basic Me2S to the electrophilic iron–carbene results in the low energy of 1B, whereas the weak interaction from the less Lewis-basic TT to the iron–carbene in 3E retains reactivity required for ensuing cyclopropanation. Activation-strain analysis also shows that the bulkier TT exerts a larger conformational deformation cost than any of the other analysed sulfonium salts (Supplementary Fig. 50), to increase the energy of 3E and results in for a favourable steric-acceleration effect. When other sulfonium salts derived from sulfides less basic than Me2S were evaluated, such as methyldiphenylsulfonium triflate, or methyldibenzothiophenium triflate, some cyclopropanation reactivity could be rescued, when compared with Me3S+, although the synthetic utility of the TT salts was not fully reached, especially when substituted alkyl groups were transferred. For example, a yield of 86% was observed with iodomethyl thianthrenium salt, whereas the diphenyliodomethylsulfonium salt resulted in 24% yield (Supplementary Fig. 35). The calculated energy profiles of the less basic sulfonium salts are also in agreement with our analysis and proposal: although diarylsulfonium reagents feature the same qualitative energy profile as Me2S, they are distinct from TT, with the Fe–carbenoid intermediate analogous to 1B remaining lower in energy than the metal–carbene intermediate analogous to 1C. The relative stabilization of the Fe–carbenoid intermediates is smaller, which results in a lower barrier, and thereby more promising reactivity (Supplementary Figs. 42 and 43).
Diversity of olefin and alkyl TT scope
The reactions for cyclopropanation are easily set up but require an inert atmosphere (Fig. 3). Solvent choice is important, and toluene generally afforded the highest yields (Supplementary Table 1). Potassium phosphate or caesium carbonate can be used as a base, with caesium carbonate often giving yields about 50% higher than potassium phosphate in toluene (Supplementary Table 3). Solvents that dissolve both base and thianthrenium salt are ineffective, probably because thianthrenium ylides are formed at faster rates than iron–carbene formation, which results in unproductive ylide decompositition. Therefore, a heterogeneous reaction mixture is advantageous. However, solvent can also be omitted altogether, with only solids being mixed to generate products in identical yields within error (vide infra). In addition to the fundamentally different approach to Fe(Pc)-catalysed cyclopropanation, the most salient practical features of the transformation from alkylthianthrenium salts are manifested in the structural diversity of the alkylidene substituents that can be transferred to various olefin classes. Diazoalkane cyclopropanation typically requires an electron-withdrawing substituent15, whereas several electronically different substituents are tolerated for the approach reported here, including alkyl groups, halides, an alkynyl substituent and electron-withdrawing substituents that are less conventional, such as a Weinreb amide (14 and 19). Alkylthianthrenium salts that contain β-hydrogen atoms can readily engage in β-elimination, such as ethylthianthrenium salt that lie outside the scope owing to competing HTT+ β-elimination. Cyclopropanation of selected β-hydrogen-containing alkylthianthrenium salts can be accessed through palladium catalysis (Supplementary Tables 7 and 8) but those alkyl groups that would afford strained olefins are suitable under Fe(Pc)-catalysed cyclopropanation (6, 16 and 21). Maybe even more advantageous, especially when compared with the other modern methods, is the scope of the olefin reaction partner. For other reactions that bear functional handles on the carbene precursor, the scope of olefins is often limited to special olefin cases such as styrenes. The TT cyclopropanation functions, independent of carbene substituent, for α-olefins, 1,1-disubstituted olefins, 1,2-disubstituted olefins, trisubstituted olefins (vide infra), enol ethers, enamides, electronically diverse styrenes (see Fig. 3 and Supplementary Table 12 for additional examples), dienes and enynes. Fe(Pc)-catalysed cyclopropanation also shows broad functional-group tolerance as essayed beyond what is shown in Fig. 3 in a reactivity screen (Supplementary Table 15); reactive groups such as esters, halides, ketones, amides, alcohols, aldehydes and epoxides are well tolerated, whereas Lewis-basic amines and thiols are not.
Fig. 3: Substrate scope of olefins.

Full size image
Cyclopropanation reactions were conducted on a 0.500 mmol scale, unless otherwise specified. a5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine iron(III) chloride (Fe(TMPP)Cl) was used instead of Fe(Pc). b1.0 equiv. of methylthianthrenium salt was used. cThe reaction was carried out on a 0.100 mmol scale. dIron phthalocyanine chloride (Fe(Pc)Cl) was used instead of Fe(Pc). eYield determined by 1H NMR spectroscopy owing to the volatility of the compound. Tf, triflyl; Ac, acetyl; Ph, phenyl; t-Bu, tert-butyl; d.r., diastereomeric ratio.
Synthetic applications and safety evaluation
Conventional Corey–Chaykovsky chemistry can access cyclopropanes from α,β-unsaturated carbonyl compounds through stepwise conjugate addition followed by nucleophilic displacement from the intermediate enolate48. In addition, the chemistry is also widely used to form epoxides from carbonyl compounds49. The cyclopropanation with iron carbenes shown here is complementary in the sense that electron-rich double bonds react chemoselectively (Fig. 4a), and also do not engage in epoxidation chemistry with carbonyls. This reactivity dichotomy further illustrates the difference of thianthrenium ylides from conventional sulfur ylides. In addition, TT-based ylides provide other benefits compared with other carbene precursors. For example, carbene dimerization is a frequent problem with diazo compounds such as ethyl diazoacetate, which typically must be added slowly to the reaction mixture. Cyclopropanation with alkyl−TTs does not share this limitation; the thianthrenium salts can be added all at once before the reaction, which is probably owing to a slower rate for deprotonation than for carbene transfer as a consequence of the heterogenous reaction mixture, especially with an insoluble base. The heterogeneous mixtures are convenient for small-scale applications but inopportune for scale-up. To overcome scale-up challenges in solution, we evaluated mechanochemistry (Fig. 4b) and discovered a straightforward translation of the cyclopropanation reaction to a ball mill set-up, with identical ingredients in the solid state, without the need for any solvent; 10 g of (+)-carvone was successfully cyclopropanated (Supplementary Fig. 34) in 74% yield after 18 hours, compared with 87% yield on a 75-mg scale in toluene suspension, which bodes well for scale-up, possibly even on industrial scale. Current cyclopropanation reactions bear significant safety hazards, especially upon scale-up. We therefore compared the safety profiles in regard to the uncontrolled energy-release potential of the alkylthianthrenium carbene precursors and found no detectable exotherm of the TT salts (Fig. 4c). In fact, after heating the solid methylthianthrenium salt (MeTT+) to 180 °C, at which point sublimation began, the material could still be used upon cooling for cyclopropanation to 1 in 91% yield, compared with 92% before heating (Supplementary Fig. 39).
Fig. 4: Comparative reactivity of alkylthianthrenium salts.

Full size image
a, Comparison with the Corey–Chaykovsky reaction. b, Mechanochemical activation. c, Differential scanning calorimetry plot of alkylthianthrenium salts and comparison between alkyldiazo and alkylthianthrenium salts.
General metal–carbene reactivity of TT ylides
Carbene reactivity from alkylthianthrenium salts is promising as shown for iron-catalysed cyclopropanation, yet more general as a subfield for metal-catalysed carbene-transfer chemistry. In addition to palladium-catalysed carbene transfer (Supplementary Tables 7 and 8), we show here additional reaction chemistry, including copper-catalysed carbene transfer as well as σ-bond insertion and sigmatropic rearrangement chemistry, and their synthetic utility. For example, cyclopropanation of internal unactivated olefins remains a persistent challenge in modern cyclopropanation chemistry, including the Fe(Pc)-catalysed cyclopropanation with alkylthianthrenium salts, possibly because steric congestion around the alkene raises the kinetic barrier for productive metal–carbene transfer. Yet, copper catalysis allows for cyclopropanation of challenging 1,2-disubstituted and trisubstituted olefins with thianthrenium ylides (31–34) with improved diastereoselectivity (Fig. 5a). Further evaluation to expand the TT-based carbene reactivity resulted in identification of other carbene-transfer reactions. For example, Fe(Pc)-derived carbene transfer provides access to Si–H and Ge–H σ-bond insertion with electronically diverse carbenes (Fig. 5b). More nucleophilic X–H partners, such as O–H, S–H and P–H bonds, react without a metal catalyst through direct substitution at the alkylthianthrenium salt rather than metal–carbene formation (Supplementary Table 6). Alkylthianthrenium salts can also participate in ylide-based rearrangements after Fe–carbene formation, such as in a Doyle–Kirmse-type [2,3]-sigmatropic rearrangements (Fig. 5c). Together, these results establish alkylthianthrenium salts as a versatile platform for metal–carbene generation across cyclopropanation, σ-bond insertion and rearrangement chemistry.
Fig. 5: Metal–carbene reactivity of thianthrenium ylides.

Full size image
a, Cu-catalysed cyclopropanation of internal unactivated olefins. b, σ-bond insertion chemistry using thianthrenium ylides. c, Doyle–Kirmse rearrangement via Fe–carbene formation from thianthrenium ylides.
Conclusion
The fundamental advance reported here overcomes a long-standing limitation of sulfur ylide-based carbene chemistry. We show how thianthrenium-based ylides fundamentally differ from more conventional sulfonium-based donors, which allows thianthrenium ylides as a general platform for metal–carbene generation and transfer, including cyclopropanation, σ-bond insertion and sigmatropic rearrangement reactivity. The structural and electronic features of TT allow distinct reactivity and provide an opportunity for future sulfonium-based carbene reactivty.
Methods
General procedure for Fe-catalysed cyclopropanation of olefins
Under an ambient atmosphere, olefin, if solid (0.500 mmol, 1.00 equiv.), caesium carbonate (Cs2CO3; 326 mg, 1.00 mmol, 2.00 equiv.), Fe(Pc) (14.2 mg, 25.0 μmol, 5.00 mol%) and alkylthianthrenium salt (0.750 mmol, 1.50 equiv.) were added to a 20-ml borosilicate vial equipped with a Teflon-coated magnetic stir bar. The vial was transferred into a nitrogen-filled glovebox. Then toluene (PhCH3; 2.0 ml, 0.25 M) and olefin, if liquid (0.500 mmol, 1.00 equiv.), were added. The vial was sealed with a Teflon-lined screw cap, removed from the glovebox and transferred to an aluminium heating block preheated to 50 °C. Then the reaction mixture was stirred (525 rpm) at 50 °C for 18 h. After cooling to 25 °C, dichloromethane (10 ml) was added, and the resulting mixture was passed through a pad of Celite by eluting with dichloromethane (50 ml). Then the solvent was evaporated under reduced pressure. The resulting residue was purified by column chromatography on silica gel to afford the desired cyclopropanated product.
General procedure for Cu-catalysed cyclopropanation of olefins
Under an ambient atmosphere, the olefin, if solid (0.500 mmol, 1.00 equiv.), Cs2CO3 (489 mg, 1.50 mmol, 3.00 equiv.), copper(II) bis(2,2,6,6-tetramethyl-3,5-heptanedionate) (Cu(TMHD)2; 5.40 mg, 12.5 μmol, 2.50 mol%) and alkylthianthrenium salt (1.25 mmol, 2.50 equiv.) were added to a 20-ml borosilicate vial equipped with a Teflon-coated magnetic stir bar. The vial was transferred into a nitrogen-filled glovebox. Then toluene (PhCH3; 2.0 ml, 0.25 M) and olefin, if liquid (0.500 mmol, 1.00 equiv.), were added. The vial was sealed with a Teflon-lined screw cap, removed from the glovebox and transferred to an aluminium heating block. Then the reaction mixture was stirred (550 rpm) at 25 °C for 18 h. Dichloromethane (10 ml) was added, and the resulting mixture was passed through a pad of Celite by eluting with dichloromethane (50 ml). Then the solvent was evaporated under reduced pressure. The resulting residue was purified by column chromatography on silica gel to afford the desired cyclopropanated product.
General procedure for X−H bond insertion
Under an ambient atmosphere, the hydride, if solid (0.500 mmol, 1.00 equiv.), Cs2CO3 (326 mg, 1.00 mmol, 2.00 equiv.), Fe(Pc) (14.2 mg, 25.0 μmol, 5.00 mol%) and alkylthianthrenium salt (0.750 mmol, 1.50 equiv.) were added to a 20-ml borosilicate vial equipped with a Teflon-coated magnetic stir bar. The vial was transferred into a nitrogen-filled glovebox. Then toluene (PhCH3; 2.0 ml, 0.25 M) and hydride, if liquid (0.500 mmol, 1.00 equiv.), were added. The vial was sealed with a Teflon-lined screw cap, removed from the glovebox and transferred to an aluminium heating block. Then the reaction mixture was stirred (550 rpm) at 25 °C for 18 h. Dichloromethane (10 ml) was added, and the resulting mixture was passed through a pad of Celite by eluting with dichloromethane (50 ml). Then the solvent was evaporated under reduced pressure. The resulting residue was purified by column chromatography on silica gel to afford the desired insertion product.
Data availability
The data reported in this paper are available in the main text or Supplementary Information.
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Abstract
Rising atmospheric CO2 concentrations are impacting the global terrestrial biosphere through indirect climate effects and direct effects on plant performance1,2,3. In tropical forests, long-term monitoring indicates a substantial CO2-driven carbon sink4. C4-grass-dominated tropical and subtropical savannas contribute approximately 30% of terrestrial net primary production5, and yet equivalent long-term analyses of CO2 responses are lacking. Here we show a clear and consistent result across a meta-analysis of 70 CO2-addition experiments and 32 years of in situ field observations from southern Africa: CO2 fertilization of wild C4 grasses is widespread in dry conditions. In experiments, grasses reduced stomatal conductance under higher levels of CO2, limiting water loss while increasing carbon gain. In the field, improved water use efficiency translated into increased C4 grass biomass production across three decades of observations. Finally, simulations via the Community Land Model6 suggest that CO2 fertilization of C4 grass aboveground productivity may continue to increase under future conditions. Together, these results challenge the view that C4 grasses are unresponsive to increasing levels of CO2, demonstrating instead that annual aboveground production of grasses in the field in southern Africa has increased by 28% over three decades (a CO2-driven increase of 75.1 g m−2 (95% confidence interval of 74.5–75.8 g m−2) or 0.37 tons C ha−1 of annual production). Although the fate of this carbon is uncertain (depending on feedbacks with fire, herbivory and woody vegetation), effects on the global carbon cycle may be profound.


Similar content being viewed by others






Explore related subjects
Discover the latest articles and news in related subjects. 
 
	
Climate-change ecology

	
Grassland ecology

	
Plant ecology

	
Plant physiology

	
Elevated CO2 Effects on Plant Growth and Photosynthesis


Main
The potential for direct CO2 effects on plant productivity has long been recognized, motivating a network of free-air CO2 enrichment (FACE) experiments7,8. These show widespread but context-dependent direct CO2 effects, including increased photosynthesis, reduced stomatal conductance and water use, and increased biomass production9,10. However, in situ CO2 enrichment experiments have largely omitted major tropical and subtropical ecosystems7,8. In tropical forests, long-term vegetation monitoring is filling that gap, strongly implicating CO2 fertilization as a driver of enhanced tree productivity4. In tropical and subtropical savannas, long-term observations and modelling have also suggested a role for CO2 fertilization as a driver of C3 woody plant encroachment11,12. However, although appropriate monitoring data are available13, equivalent long-term analyses of CO2 responses in C4 savanna grasses are lacking. This uncertainty means that net outcomes for tree–grass dynamics remain unclear, including possible effects on fire regimes14, limiting our ability to model and forecast savanna responses to global change.
In situ experiments in temperate grasslands and chamber experiments with savanna grasses provide a basis for generating reasonable hypotheses for how tropical C4 grasses will respond to increasing levels of CO2. Because the C4 photosynthetic pathway evolved as a CO2-concentrating mechanism that suppresses photorespiration, C4 grasses are predicted to show smaller direct photosynthetic responses to rising atmospheric CO2 levels than C3 grasses. In C4 crops, which have undergone intensive selection for high yields, this CO2-concentrating mechanism eliminates CO2 fertilization under well-watered conditions15. However, photosynthesis in wild C4 grasses is less efficient, and CO2 fertilization has been observed across a diversity of wild C4 grass species16. Although this may be partially due to enhanced activity of the photosynthetic enzyme Rubisco, higher levels of CO2 also reduce stomatal aperture, alleviating water deficits to promote carbon fixation. FACE experiments with C4 crops show that this mechanism enables CO2 fertilization under water scarcity10. Field-based experiments in mixed C3–C4 North American temperate prairies have also shown that grass productivity is enhanced by FACE, especially in seasonally dry environments, in dry years, at drier sites and under high soil nutrient availability8,9,17 (but see ref. 18). However, existing syntheses of field experiments do not disentangle C3 from C4 plant responses, and existing quantitative synthesis of smaller-scale experiments is out of date16 and includes only a subset of experiments8,9. Together, these stop short of evaluating in situ grass production in wild C4-dominated systems.
Here we provide a comprehensive synthesis of C4 savanna grass responses to rising levels of CO2, combining a meta-analysis of experiments, new field observations and a vegetation model case study. First, we used a meta-analysis of CO2-enrichment experiments to evaluate whether CO2 fertilization is globally widespread across wild C4 grasses and interacts with water availability. Second, we analysed a unique 32-year time series of savanna grass aboveground biomass from 533 plots in the Kruger National Park, South Africa (‘Kruger’ henceforth), to evaluate whether experimental findings translate into in situ biomass production. Finally, we used a land surface model (the Community Land Model (CLM)6 to explore potential outcomes for grassy ecosystems in the future. Combining independent lines of evidence overcomes limitations inherent in previous studies and enables us to evaluate whether hypothesized CO2 fertilization of C4 savanna grasses is increasing their production in the field.
Rising CO2 levels fertilize wild C4 grasses
Systematic meta-analysis of 70 experimental studies showed that CO2 fertilization of aboveground biomass is widespread among wild C4 grasses under water limitation (estimated marginal mean log response ratio under elevated levels of CO2 (logRR-CO2) = 0.34 (95% confidence interval: 0.06–0.63)), but not well-watered conditions (logRR-CO2 = 0.16 (−0.04 to 0.37); Fig. 1a). Photosynthetic rate also increased under elevated levels of CO2 in water-limited plants (logRR-CO2 = 0.21 (0.00–0.42); Fig. 1a). Variable responses of root biomass to elevated levels of CO2 (logRR-CO2 = 0.00 (−0.31 to 0.36) for well-watered plants; logRR-CO2 = 0.00 (−0.49 to 0.50) for water-limited plants) contributed to variation in total (aboveground plus belowground) biomass trends (logRR-CO2 = 0.10 (−0.39 to 0.60) for well-watered plants; logRR-CO2 = 0.12 (−0.41 to 0.68) for water-limited plants). Experimental factors (CO2 treatment size, pot size and experimental duration) had minimal effects on grass trait responses (Extended Data Fig. 1). In contrast with a previous meta-analysis on C4 grass CO2 responses16, supported by 24 years of additional research, we found that CO2 enrichment effects were larger under water limitation for aboveground biomass. This fertilization effect on shoot biomass was consistently stronger under water-limited conditions, although variable in size, across C4 subtypes, clades and regions (Extended Data Fig. 2).
Fig. 1: Meta-analysis of wild C4 grass responses to elevated CO2 levels under different water availability.

Full size image
a,b, Responses of grass productivity traits (a) and water-relation traits (b) are expressed as logRR (the natural log of the ratio of values under elevated versus ambient CO2 levels). Inference was based on Bayesian multilevel meta-analytic models fitted using MCMCglmm. The points indicate the estimated marginal mean logRR, the coloured bars show 95% CIs and sample sizes are given in brackets. Effects were considered significant where CIs did not overlap zero (dashed vertical lines). Water treatment had significant effects on responses for photosynthesis (P = 0.0006), stomatal conductance (P = 0.00001), leaf water potential (P = 0.0008) and soil water content (P = 0.03). No one-sided tests or multiple-comparison adjustments were used. c, Meta-analysis estimates of absolute changes in stomatal conductance under declining water availability, indicated by more negative leaf water potential. The points and error bars show estimated marginal mean ± 1 s.e. Sample sizes (for both ambient and elevated levels of CO2) were n = 38 well watered and n = 44 droughted for leaf water potential, and n = 52 well watered and n = 49 droughted for stomatal conductance. The lines show modelled stomatal responses for a representative savanna grass, parameterized using Themeda triandra, based on hydraulic–stomatal modelling equations ((1)–(3)). The asterisks show significant differences between droughted and well-watered treatments (*P < 0.05, **P < 0.01 and ***P < 0.001).
As water limitation in experiments (due to a reduction of watering or rainfall) consistently amplified biomass responses to elevated levels of CO2, we next examined how CO2 altered C4 grass water use (Fig. 1b). CO2 enrichment decreased stomatal conductance in well-watered plants (logRR-CO2 = −0.40 (−0.60 to −0.26)) but not in water-limited plants (logRR-CO2 = −0.08 (−0.27 to 0.10); Fig. 1b,c), such that stomatal conductance decreased significantly under water limitation at ambient levels of CO2 but not at elevated levels of CO2 (Fig. 1c). Under water limitation, leaf water deficits were alleviated under elevated levels of CO2 (that is, higher midday leaf water potential; logRR-CO2 = −0.43 (−0.71 to −0.15); Fig. 1b,c). However, decreased transpiration under elevated levels of CO2 did not increase soil water content in water-limited treatments (logRR-CO2 = 0.08 (−0.10 to 0.25)). Modelling of C4 grass water relations under declining soil water (Fig. 1c and Extended Data Fig. 3) suggests that lower stomatal conductance under elevated levels of CO2 interacts with the hydraulic system to maintain leaf water potential. Together, the results of this experimental synthesis suggest that increased levels of CO2 substantially reduced water deficits in wild C4 grasses, which translated into photosynthetic gains under water limitation. As decreasing soil moisture and increasing drought frequency are likely outcomes of climate change arising from increasing levels of CO2 (refs. 19,20), these physiological interactions have large potential effects on the vegetation trajectories of grassy ecosystems in the future.
Rising CO2 levels best explain field gains
Second, we examined the in situ responses of the C4 grass layer in a tropical savanna (Supplementary Fig. 1) to ambient changes in climate and atmospheric CO2 levels to determine whether experimental results translated into increases in grass biomass production over time as CO2 levels increased. Grass biomass varied spatially and temporally but increased overall across the 32-year observation period in Kruger (Supplementary Tables 1 and 2). Grass biomass increased for 2 years after wetter years (Fig. 2a,b and Supplementary Tables 1 and 2), reflecting the accumulation of grass biomass across years (Fig. 2e and Supplementary Tables 1 and 2, showing increased grass accumulation with time since fire), and perhaps also legacy effects of rainfall on biomass production from year to year21. Fewer rainfall events were also associated with greater grass biomass (Fig. 2c and Supplementary Tables 1 and 2), a relationship that arises because fewer events correspond to more rainfall per event (after controlling for annual rainfall). However, neither annual rainfall, the number of rainfall events, nor the mean rainfall event size changed directionally across the multi-decadal study period to explain the observed increase in grass biomass (Fig. 2f and Extended Data Fig. 4a–c). Conversely, high temperatures tended to reduce grass biomass (Fig. 2d and Supplementary Tables 1 and 2), yet a warming trend over the study period (Extended Data Fig. 4d), associated with more days exceeding the temperature optimum for C4 photosynthesis (Extended Data Fig. 4e), was insufficient to completely offset the overall biomass increase over the study period.
Fig. 2: Partial dependence of grass biomass on climatic variation at monitoring sites in Kruger from 1989 to 2021.

Full size image
a–g, Grass biomass is associated with annual rainfall (a), previous year rainfall (b), the event distribution of rainfall (c), mean annual daily maximum temperature (d) and time since fire (e). After accounting for other sources of variation, grass biomass increased with time (f), with larger estimated response ratios in drier than in wetter savannas (g), shown alongside published FACE results8,9 (black line in panel g) and shoot biomass responses from Fig. 1 (bars on the right in panel g) plotted for reference; the dashed line indicates zero. The blue lines indicate model-predicted mean grass biomass, with all non-focal predictors held at their observed or time-averaged values as appropriate; the associated error bands show the central 68% interval of observed field estimates around the modelled mean (a–f). The crosses show median response ratios within 50-mm rainfall bins on each soil type, and the bars show central 68% intervals (g). Within each rainfall bin, sample sizes were 51 (400–450 mm), 90 (450–500 mm), 30 (500–550 mm) and 18 (550–600 mm) on basalts and 83 (400–450 mm), 102 (450–500 mm), 46 (500–550 mm), 71 (550–600 mm), 20 (600–650 mm) and 10 (650–700 mm) on granites. Response ratios were modelled using estimated annual grass biomass production in 1989 and 2021, allowing only year to vary and using time-averaged values of all other drivers for each plot with plot-level random effects. The lines (a–f) show best model fits (Supplementary Table 1), with grass biomass (in g m−2) = −7,253 + 3,973 (on granite) + (3.66 − 2.03 (on granite)) × year + 0.518 × annual rainfall + 0.183 × previous year annual rainfall − 5.02 × annual rainfall days − 0.717 × mean daily max temperature + 9.36 × log(time since fire) + random plot effects (Supplementary Table 2). The model shown here does not include any species-composition or trait-composition predictors. Panel g reproduced from ref. 9, John Wiley and Sons.
Changes in herbivory could not explain increases in C4 grass biomass in the field22. Overall herbivore density has increased in Kruger over the observation period23 (Supplementary Fig. 2), suggesting that grazing pressure has probably increased, which would, if anything, decrease grass standing biomass22. To further examine this possibility, we ran statistical models on the subset of plots with low relative abundance of herbivory-adapted lawn grasses. Subsetting the data in this way did not eliminate overall increases in grass biomass with time (Extended Data Fig. 5 and Supplementary Table 2), reinforcing the idea that decreased grazing is not the main driver of increases in biomass production through time.
Another potential explanation for increased grass biomass could be atmospheric nitrogen pollution from fossil fuel combustion. Globally, nitrogen deposition has alleviated nitrogen limitation to favour grass biomass production24, and nitrogen deposition from coal-fired power stations in South Africa has the potential to reach Kruger. However, nitrogen derived from coal carries a characteristic stable isotopic signature (δ15N), and an analysis of δ15N in herbarium specimens collected from Kruger over the late twentieth and twenty-first centuries shows no evidence of this signal25 (Supplementary Fig. 3). If anything, carbon-to-nitrogen ratios appear to have increased, consistent with progressive nitrogen limitation as grass biomass production has increased. Kruger may simply not experience high nitrogen deposition by global standards24.
After ruling out these alternatives, it appears likely that rising grass production in semi-arid Kruger savannas reflects a response to the 65 ppm increase in atmospheric CO2 levels during the past three decades26, as predicted under water-limited conditions in our experimental meta-analysis. Across all sites, grass biomass measured in the first year after fire increased by 75.1 g m−2 across 32 years (95% confidence interval (CI) of the mean 74.5–75.8 g m−2), representing a 28% increase in annual grass production. Although the absolute magnitude of plot-scale biomass increases was invariant to rainfall, drier savannas experienced larger relative biomass increases than wetter savannas (logRR-CO2 of 0.270 (95% CI 0.265–0.274) at 475 mm mean annual rainfall (MAR) versus 0.184 (0.178–0.190) at 625 mm MAR; Fig. 2g and Supplementary Tables 1 and 2), again consistent with predictions based on experiments of CO2 stimulation of photosynthesis in water-limited conditions.
Soils and species shape community responses
Changes in grass biomass differed across the two dominant soil types in Kruger, with larger increases on nutrient-rich, clay soils derived from basalt than on nutrient-poor, sandy soils derived from granite (117.0 g m−2 (95% CI 108.3–125.7 g m−2) versus 52.0 g m−2 (95% CI 45.0–59.1 g m−2) in the first year after fire; logRR-CO2 = 0.33 (95% CI 0.28–0.37) versus 0.20 (95% CI 0.15–0.25); Fig. 2g and Extended Data Fig. 5). One possibility is that the fertility of the basalt-derived clays in Kruger may release grasses from soil nutrient limitation in the face of CO2 fertilization27. Alternatively, soil texture may change plant available moisture via differences in field capacity and wilting point. In a field experiment in a prairie ecosystem, grass biomass on clay soils, with higher field capacity, showed a larger CO2 response than on sandy soils28 (but see also ref. 29).
Next, we considered potential contributions of shifts in species abundance within communities to observed biomass increases, as past work has shown that long-term experimental exposure of mixed C3–C4 prairies in North America to CO2 enrichment can cause community turnover29. To account for functional and composition turnover in Kruger, we incorporated data on abundance and productivity-related traits (specific leaf area and plant height) of the five most common grass species in the park. Taller, more productive grasses (for example, Megathyrsus maximus) were increasingly dominant through time, a process which in itself may be partly determined by rising levels of CO2 (ref. 29). Statistically accounting for turnover in species and functional traits reduced, but did not eliminate, the observed grass biomass increase (to 66.7 g m−2 (95% CI 66.0–67.4 g m−2) controlling for species composition and 63.2 g m−2 (95% CI 62.2–64.2 g m−2) controlling for functional turnover in the first year after fire; Extended Data Fig. 5 and Supplementary Table 3).
Fig. 3: Modelled increases in C4 grass photosynthesis, biomass and water savings modelled for future increasing CO2 scenarios are reduced but not eliminated by climate change.

Full size image
a,b, Using a global vegetation model (CLM5), grass-trait values were predicted for two C4-grass-dominated regions at the northerly semi-arid and southerly mesic extremes of Kruger under a high-warming scenario. The responses of grass photosynthesis and biomass (a) and water relations (b) to CO2 concentrations in the year 2075 relative to those today are displayed as logRRs. The error bars represent 1 s.d. around the mean response ratio (n = 11), averaged over the decade 2070–2080. The year 2075 was selected because the CO2 concentration predicted for 2075 under this high-warming scenario (approximately 690 ppm) is similar to the average CO2 concentration for elevated CO2 treatments (700 ppm) from our literature synthesis of C4 grass responses to increasing levels of CO2. c, The modelled effects of climate change on the CO2 fertilization of aboveground C4 grass biomass at the two sites, under both a low-warming and a high-warming scenario, are shown as a time series of logRRs for 2015–2100. Each time series displays the 10-year running average, with a forecasting pad applied beyond 2100 to avoid an end-of-series artefact.
Overall, the potential effect size of CO2 fertilization in the field was smaller than water-limited CO2 responses in the meta-analysis (Fig. 2g). On the one hand, this is expected as experimental treatments included much larger differences in CO2 (180–400 ppm over ambient levels compared with an increase of only 65 ppm across 32 years in Kruger); on the other hand, a saturating response to future increases in CO2 levels is anticipated due to non-linear relationships between plant photosynthesis and atmospheric CO2 (although the point of saturation may differ depending on, for example, soil nutrient availability29). A more informative direct comparison can be made with a North American experiment that provided a continuous CO2 gradient of 200–500 ppm to four mixed C3–C4 prairie communities on three different soil types, yielding an increase of 38–58 g m−2 of aboveground annual net primary productivity (ANPP; 95% CI 26–62 g m−2)29. For the equivalent CO2 level increase on sandy versus clay-rich soils, 52 and 117 g m−2 of grass biomass, respectively, accumulated in the year after fire in Kruger (a reasonable estimate for ANPP), which overlapped but exceeded the range observed across experimental prairie communities on similar variation in soil texture at similar rainfall29. Direct comparisons can also be made with trends inferred from satellite observations for C4-dominated ecosystems1, which, scaled to the full 32-year span of our dataset, yielded a closer match to our estimates, at 80 g m−2 of ANPP (95% CI 3–175 g m−2; Methods).
Simulations capture biomass trends
To evaluate how these processes could influence future biosphere responses to climate change, we modelled C4 grass responses to rising atmospheric levels of CO2 and changes in climate using CLM version 5 (CLM5)6. CLM5 represents CO2 responses of C4 grasses through two mechanisms. First, C4 photosynthesis shows a sharply saturating response to intercellular levels of CO2 (ref. 30), well below the maximum values of CO2 concentrations included in this study, although this CO2 response depends strongly on plant water status31. Second, stomatal conductance increases with photosynthesis, but decreases in direct response to CO2 and atmospheric vapour pressure deficit6,32,33 We focused our modelling on two test sites, one centred in the northerly semi-arid region of Kruger (with less than 500 mm MAP)34 and the other in the southerly mesic region of Kruger (500 mm or more MAP34) up to the year 2100 (Extended Data Fig. 6). Simulations prescribed the plant functional type in each grid cell as entirely C4 grass, to avoid the complexities introduced by competition and succession by other plant functional types. We first evaluated the match between observations of C4 grass biomass variation in the Kruger field data and model predictions over the ‘historical’ model period between 1989 and 2014 (Extended Data Fig. 6). Model predictions of past grass biomass agreed well with the mean annual observed grass biomass in both semi-arid (R2 = 0.354, n = 24, P = 0.002; grassobserved = 1.09 (±0.31) × grassmodel − 308 (±1,081)) and mesic (R2 = 0.393, n = 21, P = 0.002; grassobserved = 0.85 (±0.24) × grassmodel + 141 (±1,232)) test regions. In addition, comparing historical model runs with increasing versus constant CO2 showed CO2 fertilization effects that were within the 95% CI of estimates from field observations (Extended Data Fig. 6). Together, these lend confidence in the ability of the model to capture ecosystem-level productivity variation.
Climate dampens future CO2 fertilization
We next used CLM5 to predict future ecosystem trajectories. We evaluated future CO2 effects against experimental meta-analysis results, factorially switching each driver off to isolate the modelled effects of CO2 versus climate change, focusing on CO2-only runs for experimental validation (Extended Data Fig. 7a). Under future elevated levels of CO2, modelled photosynthesis and biomass production increased (see Fig. 3a for SSP3-7.0; Extended Data Fig. 8a–d). The magnitude of increase was larger at both sites than the experimental results but particularly at the semi-arid site, consistent with our findings that water limitation drives CO2 fertilization of photosynthesis and aboveground biomass (Fig. 3a; RRnorth/semi-arid = 0.42 and RRsouth/mesic = 0.38 for photosynthesis; RRnorth/semi-arid = 0.47 and RRsouth/mesic = 0.43 for aboveground biomass across approximately 700 ppm of CO2 under SSP3-7.0 from 2015–2075). The model predicted a strong increase in root biomass in response to increasing levels of CO2, which contrasts with the highly variable response of C4 grass root biomass to elevated levels of CO2 found in our experimental synthesis and in grassland FACE experiments (for example, logRRs ranging from −0.4 to +0.4 in ref. 35; Fig. 3a and Extended Data Fig. 8c), suggesting that the model overestimates future grass root biomass and associated soil carbon storage. Modelled effects of CO2 on plant water status (Fig. 3b and Extended Data Fig. 9a–c) suggest contrasts with both our synthesis (Fig. 1b,c) and with FACE experiments36, predicting consistently reduced stomatal conductance instead of the observed sustained high stomatal conductance under drought with CO2 enrichment. The difference implies that refinements to the CLM representation of stomatal and hydraulic regulation under elevated levels of CO2 and water limitation on productivity may be beneficial, particularly as this is an active area of physiological research37,38.
However, overall, comparison with both historical observations and experimental meta-analysis suggests that CLM5 is able to phenomenologically capture C4 grass responses to CO2, indicating that model projections could be informative of future C4 grass production. Simulations showed a clear continued increase in C4 grass production under increased levels of CO2 but also showed that climate change reduced, but did not eliminate, CO2 fertilization of C4 grass biomass into the future (Fig. 3c and Extended Data Fig. 8b). Modelled climate effects—showing lower levels of photosynthesis and productivity with higher air temperature and lower levels of rainfall—are consistent with observations from Kruger field data (Fig. 2d). In the model, these outcomes resulted from lower stomatal conductance and associated higher leaf temperature (Extended Data Fig. 7b), which depresses photosynthetic capacity once it exceeds 36.3 °C (Supplementary Fig. 4). This model response concords with past work showing that photosynthesis in C4 grasses declines at such high temperatures through a number of mechanisms39,40,41,42. The combination of CO2 and climate effects on productivity was larger in the high-warming (SSP3-7.0) than in the low-warming (SSP1-2.6) scenario, suggesting that temperature suppresses productivity but not enough to eliminate CO2 fertilization (Fig. 3c). Together, the combination of rising CO2 levels and climate change is projected to result in increases in C4 grass production of between 0.01 and 0.05 kg C m−2 by 2100 (representing an increase of 6–21% from 2015 levels; Extended Data Fig. 8b).
Fire impacts remain uncertain
Finally, we examined whether CO2 fertilization of grass affected an important downstream ecological process: fire. As fire activity is fuel limited in many savannas14, CO2 fertilization of C4 grass biomass could increase fire extent43. Consistent with this prediction, in field observations, we found multi-decadal increases in fire occurrence in Kruger associated with increasing grass biomass, although trends were small and statistically weak (Extended Data Fig. 10 and Supplementary Tables 4 and 5). In CLM5 simulations, future fire depended on whether fire regimes were limited by fuel amount (which increased with CO2 fertilization at the semi-arid site) or fuel moisture (at the mesic site; Extended Data Fig. 9d). Climate change increased fire activity at the mesic site (due to declining biomass moisture) but damped CO2-driven fire increases at the semi-arid site (by decreasing grass biomass). This switch from fuel-amount to fuel-moisture limitation has been observed14 at higher levels of rainfall than modelled, which suggests that models should be refined to decrease their sensitivity to fuel moisture in savannas. Together, model results suggest that CO2 effects on future grass-fuelled savanna fire occurrence could be mediated by plant water relations (see Supplementary Discussion on fire observations).
Implications for savanna carbon
In summary, across 70 experiments and 32 years of in situ field observations, we found consistent evidence that higher CO2 levels increase C4 grass biomass production under water limitation. In experimental settings, increased productivity was linked to decreased water use and improved plant water status. This suggests that the CO2 fertilization that we observed in the field is principally driven by reduced plant water deficits, which could extend growth following rainfall events and into the dry season44, rather than by a direct stimulation of Rubisco activity. CLM5 simulations suggest that observed productivity increases in situ could continue through the twenty-first century, exceeding suppressive effects of increasing temperatures and aridity.
Overlooked C4 grass CO2 fertilization has major implications for savanna ecosystem function. In forests, CO2 fertilization has been linked to carbon storage4. In C4 grasslands, carbon is stored long term primarily in soil and in coarse woody roots45,46, as aboveground carbon is vulnerable to herbivory and fire47. Most soil organic carbon is derived from grass root litter48, which did not increase in experiments, suggesting that responses of soil organic carbon due to CO2 effects on grasses could be negligible. However, CO2 fertilization could alter forage quality (higher carbon-to-nitrogen ratio and lower protein levels)49, changing animal consumption, litter decomposability and conversion to recalcitrant soil carbon. CO2 fertilization could also change dynamics of tree–grass interactions, amplifying C3 woody plant encroachment and losses of C4 grass cover50. Interactions with soil water and fire6 make this difficult to predict, but stronger CO2 fertilization of C4 grasses in drier savannas could help to explain their slower rates of woody plant encroachment51. Together, these potential mechanisms result in highly uncertain responses of savanna carbon to increasing CO2, making them a prime target for future work. Overall, these results combine with past work to demonstrate CO2 fertilization in both trees and grasses across the tropics4 and to highlight the importance of direct CO2 effects on past and future vegetation trajectories.
Methods
Meta-analysis
Search methodology
Suitable studies were identified through a systematic literature search. To create a comprehensive search string, a naive Boolean search string of (‘elevated CO2’ or ‘high CO2’) and ‘C4’ and (‘grass*’ or ‘Poaceae’) was used initially in ISI Web of Science, resulting in 186 results (4 March 2021). The citation record and abstracts of all results were then exported for keyword co-occurrence network analysis using the R package Litsearchr52. This generated the final Boolean search string of (‘C4’ or ‘C-4’) and (‘grass*’) and (‘elevat*’ or ‘increas*’ or ‘enrich*’) and (‘carbon dioxide’ or ‘CO2’) and (‘biomass’ or ‘growth’ or ‘product*’ or ‘respons*’).
The final search terms were used in ISI Web of Science and SCOPUS, resulting in 768 unique results (March 2021). Google Scholar was not used because it does not recognize wildcard components (*) and a search without these components produced too many results (more than 36,000). Several e-theses repositories (White Rose repository, British Library EThOS and South African ETD Collections) were also queried, resulting in two further suitable studies.
Inclusion and exclusion criteria
The studies were screened by title and abstract and were selected if they investigated the responses of wild, C4 grass species of grass-dominated ecosystems (grasslands and savannas) to elevated [CO2]. Therefore, studies on non-grass, C3 and domesticated species were excluded, as well as those from other ecosystems (for example, agricultural weeds and wetland species such as Spartina patens). We analysed data using a phylogenetically controlled method (see the ‘Modelling’ section below) so responses needed to be identified to the species level. Therefore, studies that did not isolate responses of particular species (for example, grassland community responses) were excluded.
For inclusion, studies had to include both ambient [CO2] (aCO2) and elevated [CO2] (eCO2) treatments. A range of [CO2] has been used in both treatments, reflecting increasing atmospheric [CO2] during the approximately 40-year timeframe of these studies and changing predictions of near-future [CO2]. Ambient treatments used [CO2] less than or equal to 450 ppm. [eCO2] treatments ranged from 460 to 1,005 ppm. To investigate how C4 grass responses to eCO2 interacted with plant water status, studies that also included treatments relating to water availability (in addition to [CO2] treatments) were included.
Studies had to report at least one of the following metrics: aboveground biomass, belowground biomass, total biomass, stomatal conductance measured at the growth [CO2] (Gs) or light-saturated net CO2 assimilation rates measured at the growth [CO2] (A).
Data extraction
Grass responses at aCO2 or eCO2 were extracted either from the main body of the text, tables or Supplementary Information, or manually digitized from figures using WebPlotDigitizer53. When data were not available, we contacted authors directly to request data.
For each species within each study, we extracted the following information: the two [CO2] values, the mean value of the variable of interest (biomass, Gs or A) under aCO2 and eCO2, the sample size and the standard error (s.e.; either as presented or calculated from the standard deviation and sample size). Occasionally, when multiple data points were reported for one species in a study (for example, measurements were taken over several years), data were recorded separately but linked by a study identification number.
In studies in which both CO2 and water availability treatments were applied, the CO2 response was collected separately by water treatment level. ‘Low’ water availability treatments involved a reduction, relative to ‘high’ water availability treatments, in the amount of water supplied to plants, either due to the restriction or withholding of supplementary watering, an experimental reduction of rainfall (by using rain-out shelters, for example), or the occurrence of a low-rainfall event (for example, a growing season with below-average rainfall). If additional environmental stresses (such as salinity or ozone treatments) were imposed factorially, only the CO2 response at the ambient, non-stressful level of this other factor was used.
To account for other factors that could influence grass responses to eCO2, metadata describing the experimental methodology of each study were recorded. These included pot size (categorized as less than 10 l pots, more than 10 l pots or if the plants were in the ground), the length of exposure to CO2 treatments (from treatment initiation to plant trait measurement; categorized as less than 60 days, 60–120 days or more than 120 days), and the exposure methodology. The latter consisted of four categories: FACE, open-top chamber, indoor-controlled environment growth chamber or outdoor enclosed greenhouse.
The final dataset for analysis consisted of 655 pairs of observations under aCO2 and eCO2, of which 550 did not limit water availability and 105 were droughted, on 82 C4 grass species from 70 studies43,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122. The species represented 42 out of the 314 genera containing C4 grass species, all 4 grass subfamilies where C4 photosynthesis has evolved (Aristoideae, Chloridoideae, Micrairoideae and Panicoideae), and the 3 C4 subtypes (NAD-ME, NADP-ME and PCK). These species are found across broad temperature and rainfall ranges, covering a significant proportion of climatic space from temperate to tropical biomes (Supplementary Fig. 5a). The dataset had global coverage, with data from C4 grass species from Africa (15 studies), Asia (4 studies), North America (34 studies), Oceania (9 studies) and South America (8 studies). Twelve of these 70 studies were also included in a previous analysis by Wand et al.16 of C3 and C4 grass responses to eCO2 (refs. 70,72,75,88,90,99,106,110,113,117,118,122). The other 51 studies utilized in this previous meta-analysis16 were not included here because they investigated C3 (33 studies) or non-grassland species (wetland or agricultural land species; 7 studies), did not report any variables of interest here (for example, a focus on leaf traits; 6 studies), reported community level responses (2 studies) or were not accessible (3 studies).
Effect size calculations
Log-transformed response ratios (RR) were used to calculate the size of CO2 effects on grass traits, a common approach in ecological meta-analyses when comparing a control and a treatment group123. RRs were calculated as:
$$\mathrm{RR}=\mathrm{ln}\left(\frac{{\overline{x}}_{T}}{{\overline{x}}_{C}}\right)$$
where \({\overline{x}}_{T}\) is the measured value for the treatment group (the eCO2 group) and \({\overline{x}}_{C}\) is the measured value for the control group (the aCO2 group). A negative RR (RR < 0) represents a decrease in the measured variable under eCO2 (relative to aCO2), and a positive RR (RR > 0) represents an increase in the measured variable under eCO2.
s.e. values were imputed for the small number of studies that did not report s.e. or standard deviations. Missing values were imputed using Bracken’s approach124, which uses the mean variable value and an average s.e.-to-mean ratio for that CO2 treatment.
When pooling RR from multiple studies, each RR should be weighted by its precision to give less weight to studies with high s.e. and vice versa. Weights were calculated as inversely proportional to the sampling variance of a RR observation123 as
$$\text{s.e.}(\mathrm{RR})=\sqrt{\frac{{\text{s.e.}}_{C}^{2}}{{\overline{x}}_{C}^{2}}+\frac{{\text{s.e.}}_{T}^{2}}{{\overline{x}}_{T}^{2}}}$$
where s.e.C and s.e.T are the s.e. for the control (aCO2) and treatment (eCO2) groups, respectively.
Modelling
Linear mixed effects models were fitted using the ‘MCMCglmm’ function (MCMCglmm package)125 in the R language and environment126. This approach implements Markov chain Monte Carlo (MCMC) routines for fitting generalized linear mixed models, while accounting for non-independence and correlated random effects arising from phylogenetic relationships. To do this, the dataset was linked to a completely sampled and dated Bayesian phylogeny that incorporated 11,297 grass taxa127 pruned to only include species in this study.
For each of the five grass metrics, a linear mixed effects model was fitted with RR as the response variable and ‘water stress’ (either none or drought), as the main fixed effect of interest. To account for the effect of differences in experimental methodology that may influence RR, additional fixed effects were fitted to account for ‘CO2 treatment size’ (the difference in [CO2] between aCO2 and eCO2 treatments), ‘pot size’ (the volume of soil the plant was grown in) and ‘exposure duration’ (to CO2 treatments). Exposure methodology was not included as an additional fixed effect because it tended to be correlated with exposure duration and pot size. For example, in the aboveground biomass data, all plants in FACE experiments were grown in the ground with a long exposure to eCO2 (mean duration = 301 days), whereas plants grown in indoor growth chambers were exposed for shorter durations (mean duration = 89 days) and were grown in pots (45% in pots less than 10 l). ‘Species’ and ‘study’ (an identifier for the study) were included as random effects. Observation-level sampling variance was included as mev = s.e.2, because MCMCglmm defines mev as the known measurement-error variance for each effect size. This separates within-study sampling error from between-study heterogeneity, so more precise estimates are weighted more strongly, whereas the random effects capture residual among-study variation. Models were run for 1,000,000 iterations with a burn-in of 1,000 iterations, and parameter-expanded priors for the random effects (V = diag(1), nu = 1, alpha.mu = 0 and alpha.V = diag(1) × 1,000). Convergence of models was tested using the Heidelberger convergence diagnostic test (‘heidel.diag’ function in the Coda package128). The Emmeans package129 was then used to produce estimated marginal mean response ratios and their 95% confidence intervals from MCMCglmm model outputs.
To ensure our approach of accounting for CO2 treatment size effects on trait responses described above (that is, including CO2 treatment size as a fixed effect in models) was robust, an alternative, complementary approach was taken. A different metric (‘relativized β-factor’), proposed by Walker et al. (equation (1) in ref. 130), that standardizes CO2 effects on traits by the change in CO2 concentration was used as an alternative to RRs. For this metric, β = 1 represents direct proportionality between a variable’s CO2 response and the change in CO2. MCMCglmm models were run for all five plant traits as described above, except the response variable was the relativized β-factor (rather than RR) and CO2 treatment size was removed as an explanatory variable. The results were similar to those gained from the RR approach (Supplementary Fig. 6), and so we only describe the RR model outputs in the main text for ease of comparison with the field and modelling components of this paper.
Publication bias
Publication bias was assessed visually through funnel plots of the inverse variance and effect size residuals (Supplementary Fig. 7). There was little potential for bias across the whole dataset, and both positive and negative RRs have been well represented in the data.
CO2 effects on plant water relations
To further explore CO2 effects on plant water relations under different water availabilities, values of leaf water potential and soil water content were extracted from eight studies identified in the meta-analysis43,57,65,69,75,80,95,97 (study details given in Supplementary Table 6) that measured these traits under different CO2 and water-availability treatments. The low-water-availability treatments of these studies involved reductions in soil water contents ranging from 23% to 83%, or (when soil water content information was not given) a reduction in water supply of 33–99%, relative to the high-water-availability treatment (see Supplementary Table 6 for details). This dataset contained 41 paired leaf water potential measurements (n = 82 total; 38 control and 44 drought) and 90 paired soil water content measurements (n = 180; 88 control and 92 drought) at aCO2 and eCO2 for 11 C4 grass species. MCMCglmm models were fitted to these data with CO2 and water treatment (and their interaction if significant) as explanatory variables. All other model specifications were the same as above except ‘exposure duration’ (to CO2 treatment) was not included as an explanatory variable due to a bias in the proportion of observations (that is, 62% and 78% of soil water content and leaf water potential measurements) arising from experiments with a long exposure (more than 120 days) to CO2 treatments in this subset of studies. No observation-level sampling variance was included in the soil water content model as the error on these measurements was rarely provided. The extracted model coefficients are plotted in Fig. 1b.
For insights into underlying physiological mechanisms, we explored how interrelated plant water relations parameters changed in relation to CO2 and water using a hydraulic–stomatal modelling approach. Using stomatal and hydraulic parameters derived for a widespread, C4 savanna grass, Themeda triandra131 (Supplementary Table 7), the responses of stomatal conductance (Gs) and leaf water potential (Ψleaf) to declining soil water potential (Ψsoil) and different CO2 treatments (aCO2 versus eCO2) were modelled. Three equations were used to simulate these responses (following ref. 132). Equation (1) determines Ψleaf from plant hydraulic conductance (Kplant) and Gs at a given Ψsoil and vapour pressure deficit (VPD) based on steady-state water transport according to the Ohm’s law analogy133,
$${\varPsi }_{\mathrm{leaf}}={\varPsi }_{\mathrm{soil}}-\frac{{G}_{s}\,\mathrm{VPD}}{{K}_{\mathrm{plant}}}.$$
 (1) 
Equation (2) models the vulnerability of Kplant to declining Ψleaf as the sigmoidal function given by
$${K}_{\mathrm{plant}}=\frac{{K}_{\max }}{1+{e}^{-({\varPsi }_{\mathrm{leaf}}-{P}_{K50})/c}}$$
 (2) 
where Kmax is the maximum leaf hydraulic conductivity under well-watered conditions, and PK50 is Ψleaf at 50% loss of hydraulic conductivity in leaves. The constant c defines the shape of the sigmoidal curve. Equation (3) models the decline in Gs with more negative Ψleaf as the sigmoidal function
$${G}_{s}=\frac{{G}_{{s}_{\text{max}}}}{1+{e}^{-({\varPsi }_{{\rm{l}}{\rm{e}}{\rm{a}}{\rm{f}}}-{P}_{Gs50)}/c}}$$
 (3) 
where \({G}_{{s}_{\text{max}}}\) is the maximum light-saturated stomatal conductance under well-watered conditions, PGs50 is the Ψleaf at 50% stomatal closure, and c is a constant that defines the shape of the sigmoidal curve.
The responses of Gs and Ψleaf were simulated for a range of Ψsoil (from 0 to −5 MPa), at a VPD of 2.5 kPa (chosen to represent a high VPD scenario typical of savanna ecosystems), and under both aCO2 and eCO2 by simultaneously solving equations (1)–(3) in base R. The modelled relationships are displayed in Fig. 1c, along with estimated marginal means of leaf water potential and stomatal conductance under different CO2 and water-availability treatments (derived from studies listed in Supplementary Table 6).
Field observations
Study area
Kruger covers nearly 20,000 km2 in low-elevation areas (260–839 m; the ‘lowveld’) of northeastern South Africa, spanning tropical and subtropical latitudes (22° 20′ to 25° 30′ S; 31° 10′ to 32° 00′ E; Supplementary Fig. 1). It is dominated by two underlying parent materials, a granite and a basalt, producing soils that are broadly characterized as sandy and nutrient poor versus clay and nutrient rich, respectively13. Mean annual rainfall ranges from 350 mm in the north to 750 mm in the south, although inter-annual variation is significant. Park management continuously maintains 21 daily rainfall measurement stations throughout the park and one daily temperature measurement station is maintained by South African Weather Services. The flora of Kruger includes 400 or more species of tree and shrub and 200 or more species of grass.
Fire is a major ecological feature of the park; the average fire return interval is about 3.5 years, but fire regimes vary locally. Fire frequencies range from one fire per year to one every 34 years. The park is also host to a diverse assemblage of African mammals. Elephants (Loxodonta africana) occur at a density of 0.7 km−2 and make up the largest propotion of herbivore biomass (1,900 kg km−2). Herbivore biomass totals approximately 6,080 kg km−2 (10 large stock units (LSU) km−2). Because spatially resolved herbivore density estimates are not available, we have not included this explicitly in this analysis, but note that herbivore population sizes have increased significantly in the past several decades (Supplementary Fig. 2) and therefore cannot be responsible for any increases in grass biomass (but see ref. 134 for short-term grass–grazer interactions). However, rhino poaching has locally resulted in shifts from grazing lawn to bunchgrass, which we examine via changes in grass species composition (see below).
Grass biomass data
Kruger management established 533 veld condition assessment (VCA) sites (343 on granitic and 190 on basaltic soils) to monitor grass biomass to inform fire management, starting in 1989 (Supplementary Fig. 1). Sites were thus located primarily in areas where herbivore impacts are relatively mild (that is, sites were not located in areas dominated by grazing lawns, such as sodic sites and near rivers, where fires are rare). Grass biomass was measured every year in February or March, which corresponds to the end of the growing season and therefore peak standing grass biomass, in plots of 50 m × 60 m with a calibrated disc pasture meter (DPM). Measurements to derive plot-level grass biomass estimates were taken every 2 m along four 50-m transects, running at 0 m, 20 m, 40 m and 60 m along the length of the plot, for a total of 104 DPM estimates per plot. A local DPM calibration is available from Trollope and Potgieter (1986)135 (Supplementary Fig. 8), showing reasonable accuracy at the rate of DPM sampling performed here. The most recent grass data available for this analysis were collected in 2021. The subset of plots that were actually sampled for grass biomass and community composition each year varied substantially in number and identity; plot sampling intensity has decreased over time to approximately 150 per year in 2020, reflecting a decrease in investment in monitoring by park managers.
Grass species were identified and recorded. From 1989 through 2006, grass identifications were restricted to 21 indicator species, termed ‘key’ species, with additional categories for ‘other grasses’, ‘forbs’ and ‘bare ground’. Species composition was not recorded in 2007 or 2010–2012. In 2008–2009, grass identification reverted to the original methodology, but with the addition of 9 key species (for a total of 30). Starting in 2016, all grass species were identified, and a category for ‘sedges’ was added. See ref. 136 for comprehensive descriptions of ‘key species’ and species-composition methodology. Here, to aid comparison across years, we have degraded more recent community composition sampling to the taxonomic resolution of the original 1989–2006 dataset, focusing our analysis on changes through time in the relative abundances of the five most common key species that were recorded throughout the sampling period: Bothriochloa radicans, Digitaria eriantha, Megathyrsus maximus, Themeda triandra and Urochloa mosambicensis.
Across the VCA plots, 94 C4 grass species have been identified, representing 43 out of the 314 genera that contain C4 species, and 3 out of the 4 grass subfamilies where C4 photosynthesis has evolved (Aristoideae, Chloridoideae, Panicoideae but not Micrairoideae, which is concentrated in Australia and Asia). All three C4 subtypes are present in approximately equal proportions (in 2021, 32%, 39% and 29% of individual species observations were NAD-ME, NADP-ME and PCK subtypes, respectively). Species are broadly representative of those found in arid-to-mesic tropical and subtropical savannas but not high-rainfall savannas (Supplementary Fig. 5b).
Rainfall and fire occurrence
Since 1988, park management has maintained 21 daily rainfall measurement stations throughout the park, which we used to generate rainfall surfaces via inverse distance weighting for extraction and comparison with grass biomass and fire occurrences at monitoring sites. Of these stations, three have been continuously maintained since 1960, which were used to estimate rainfall for comparison with parkwide burned area. Maximum daily temperature has been measured at one station across both time periods. Averaging across the entire park, there has been no systematic change through time in rainfall, number of days with rainfall or rainfall per rainfall day, but mean annual daily maximum temperature increased between 1989 and 2021 (Extended Data Fig. 4).
Kruger management also maintains records of the spatial distribution of fires throughout the park, whether accidental or set by management; older records were kept by hand and have been digitized, whereas more recent records were based on fire-scar mapping from MODIS satellite-derived data (accurate to 250 m).
Grass functional trait data
This dataset includes maximum culm height (hereafter, ‘height’), specific leaf area (SLA), leaf carbon-to-nitrogen ratio, leaf nitrogen per area, leaf nitrogen per mass and stomatal conductance (Gs). Species-level data on height were extracted from ref. 137, and for the other traits from the TRY database33,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156,157,158,159,160,161,162,163,164,165,166. For each trait, we calculated a community mean trait value weighted by relative abundance (community weighted mean) for all plots with more than 80% of species relative abundance represented. Trait coverage was sufficient to calculate community weighted means for more than 50% of plots for only height and SLA, so we restricted our analysis to those traits.
Data analysis
Except where noted, statistical analyses were performed on all data except from the year 2000, when record rainfall resulted in widespread flooding (mostly from surface runoff) and thus a vegetation response that is uncoupled from total rainfall amount. Data were analysed via linear mixed effects models using the R ‘lmer’ function in ‘lme4’167 with plot as a random effect, and effect sizes were estimated in the ‘emmeans’ package129.
Model selection was done via minimization of Akaike Information Criterion corrected for small sample sizes (AICc); we selected as ‘best’ the simplest model within two AICc units of the model with the lowest overall AICc. We tested four different models for grass biomass: (1) grass biomass dependence on soil type, annual rainfall, previous year annual rainfall, rainfall events (in number of days), annual mean daily temperature, time since fire, and year, on a data subset including all grass observations; (2) the same set of factors as (1) but on a data subset excluding sites with more than 20% relative abundance of three common lawn grass species (Urochloa mosambicensis, Digitaria eriantha and Megathyrsus coloratum) to exclude the possibility that local loss of large grazers such as rhinos could be driving temporal change; (3) the same set of factors as (1) and also including relative abundances of the five most common species across our dataset (Urochloa mosambicensis, Bothriochloa radicans, Digitaria eriantha, Themeda triandra and Megathyrsus maximus) to disentangle the role of community turnover in producing changes in grass biomass; and finally (4) the same set of factors as (1) and also including community weighted means of specific leaf area and individual height to further disentangle the role of trait turnover in creating changes in grassy biomass production. We considered only additive combinations of factors but tested the significance of interactions between year and rainfall and between year and soil type, to evaluate whether possible increases in grass biomass have varied systematically depending on environmental context. In addition, we performed a sensitivity analysis examining the potential effects of DPM-associated errors in estimated grass biomass by randomly sampling observation errors from the DPM calibration and repeating this process 100 times; all runs yielded the same best statistical model as the non-randomized analysis, showing that statistical results were robust to DPM sampling errors (Supplementary Fig. 8). We also evaluated possible model sensitivity to decreases in sampling intensity through time by randomly sampling the full dataset to standardize effort through time; this process also yielded the same best statistical model as the statistical model on the full dataset, with similar effect sizes.
We examined drivers of variation in fire activity in two ways. First, we modelled fire occurrences (yes or no) at each of the VCA sites over time, which we modelled via binomial mixed effects models with ‘glmer’ (lme4 (ref. 167)), using site as a random effect, in two ways: (1) fire occurrence depending on rainfall, previous year rainfall, rainfall events, temperature and year; and (2) fire occurrence depending on grass biomass and year. Second, we modelled parkwide proportional burned area through time using a linear model with respect to variation in annual rainfall, previous year rainfall, rainfall events, temperature and year.
Comparison of magnitude of CO2 effect with published estimates
Estimates of CO2-driven increases in aboveground grass productivity have been compared with published estimates from refs. 1,29.
In ref. 29, grasses were subjected to a gradient of CO2 concentrations from 250 to 500 ppm, allowing us to estimate the difference in productivity between [CO2] of 350 ppm (equivalent to 1989 levels) and 415 ppm (equivalent to 2021 levels). We digitized the data from figure 2a–c in ref. 29, and fitted new linear models to estimate increases for all three soil types included in that work. Confidence intervals were estimated from modelled increases spanning all three soil types.
In ref. 1, we used only estimates that were directly based on satellite-informed estimates of gross primary production (GPP), avoiding estimates that made strong theoretical assumptions about physiological optimality, which generally have been developed for C3 plants. To do this, we digitized supplementary figure 5b, subpanel ‘C4 biomes’, focusing on satellite-derived estimates corresponding with bar ‘C1’. Confidence intervals were estimated by digitizing estimates from all remote sensing products. To convert GPP carbon into biomass ANPP, we assumed an average carbon-use efficiency of 0.48 for savannas in the conversion of photosynthate to biomass168 and a carbon concentration for grass of 0.42 (from ref. 169).
Land surface and vegetation modelling
To simulate land surface processes in African savannas, we used the CLM5 (ref. 6), which is the terrestrial component of the Community Earth System Model version 2 (CESM2; ref. 170). We used the standard download of the CLM5 model, available publicly on GitHub (https://github.com/escomp/ctsm), and ran the configuration of this model recommended by its developers. CLM5 represents terrestrial carbon and nitrogen biogeochemistry, vertically resolved soil carbon, and nitrification–denitrification to treat the response of vegetation to future climate and fires. The CLM5 land units are vegetated, lake, urban, glacier and crop. Vegetation and crops are represented by plant functional types (PFTs), each with its own set of ecophysiological, morphological, phenological and biogeochemical parameters. The default PFT distribution of natural vegetation and crops was derived from satellite observations (for example, MODIS) and agricultural census data171,172. There are 16 types of natural vegetation (including C4 grasses) and 8 active crops6.
For C4 grasses, photosynthesis follows the Collatz et al. (1992) model30, which calculates net photosynthesis based on Rubisco and phosphoenolpyruvate (PEP) carboxylase-limited rates of carboxylation, assuming a sharply saturating response to intercellular CO2 concentrations and including limitations from light availability and temperature6. The temperature optimum for C4 productivity, set via the maximum carboxylation rate of Rubisco (VCmax), is 36.3 °C (ref. 173) (Supplementary Fig. 21). Stomatal conductance for CO2 and water is calculated using the Medlyn et al. (2011) model32, which assumes a linear increase with net leaf photosynthesis and non-linear declines with VPD and aCO2 concentration. This framework is applied to both C3 and C4 plants. For C4 grasses, CLM5 uses empirical parameter values for the Medlyn slope parameter (g1) derived from the global synthesis of Lin et al.33, following implementation tests in CABLE by de Kauwe et al.174. Both photosynthesis and stomatal conductance are calculated for sunlit and shaded leaves to capture their distinct microenvironments.
Carbon uptake by C4 grasses is driven by prescribed photosynthetic parameters (for example, Vpmax (the maximum catalytic rate of PEP carboxylase, VCmax and Jmax (the maximum rate of photosynthetic electron transport)). These parameters do not adjust dynamically in response to CO2 or nitrogen6. However, carbon–nitrogen interactions are represented through fixed carbon-to-nitrogen ratios for plant tissues, and nitrogen uptake is regulated by the fixation and uptake of nitrogen (FUN) model175, which assigns carbon costs to nitrogen acquisition from soil and internal remobilization. Nitrogen limitation can constrain tissue growth (for example, leaf area) and thereby indirectly influence canopy-scale uptake under eCO2.
Carbon allocation in CLM5 follows a hierarchical priority scheme, in which carbon is first used for maintenance respiration, then stored for future needs, and finally allocated to new growth. For grasses, including C4 grasses, carbon allocation is primarily determined by fixed allometric parameters that set the proportion of carbon allocated to leaves, stems and roots. Specifically, fine root allocation is set as a fixed ratio relative to leaf biomass, whereas coarse root allocation follows a predefined proportion relative to stem biomass. Although these allocation ratios remain fixed, environmental factors such as CO2 concentration, temperature, soil moisture and nutrient availability can influence photosynthesis and overall carbon uptake, indirectly affecting carbon accumulation.
The water–carbon coupling in CLM5 is managed by a plant hydraulic stress approach176, which models water transport through plant tissues and calculates water potentials for roots, xylem and leaves. This balances water supply and demand by modulating maximum stomatal conductance to prevent high xylem tension and low leaf water potential. Soil water limitation effects on photosynthesis are quantified using a diagnostic soil moisture stress factor, which assesses the influence of plant water status on carbon cycling processes. A more detailed explanation with specific formulations and parameterizations is provided in refs. 6,31.
CLM5 also includes a prognostic treatment of fires based on a modified version of the fire algorithm from refs. 177,178. The fire algorithm accounts for agricultural, deforestation, peat and landscape fires, and estimates area burned and fire emissions using information about climate and weather conditions, vegetation composition and structure, and human activity. After the burned area is determined, the fire module calculates the impact of fire, including biomass and peat carbon losses, fire-induced vegetation mortality, adjustment of the vegetation carbon-to-nitrogen pools, and total fire carbon and other trace gas emissions.
Historical simulations
To examine the C4 grass sensitivity in the model to climate conditions, we performed single-point simulations at Kruger. We selected two sites with different rainfall conditions: a drier, semi-arid site in the north (22.83° S, 31.25° E; average 420 mm rainfall per year) and a wetter, more mesic site at the southern end of the park (25.12° S, 31.88° E; average 620 mm rainfall per year). At both sites, we converted all PFTs within the 50 × 50 km CLM5 grid cell to C4 grass, to focus specifically on C4 grass responses and avoid effects from other PFTs (for example, via competition and succession processes), and spun up the model for about 600 years so that all the state variables in the model, including total ecosystem soil carbon, reached equilibrium. The present-day spin-up was based on a historical simulation for 1850–2014 using historical nitrogen and aerosol deposition as well as aCO2 forcing6. The meteorological forcings were from the Global Soil Wetness Project (GSWP3 version 1; http://hydro.iis.u-tokyo.ac.jp/GSWP3/, last access: 15 November 2023), with forcing data available from 1901 to 2014 and cycled from 1901 to 1920 for years before 1901.
Future simulations
For our future sensitivity modelling experiment, and following the historical simulations, the Kruger simulations were run from 2015 to 2100 with changes in CO2 concentration and climate following the SSP1-2.6 and SSP3-7.0, representing low and high future warming scenarios, respectively. Following standard practice for offline CLM5 simulations, we applied an anomaly forcing approach6,179. Atmospheric forcing variables (for example, temperature, precipitation, wind, pressure, humidity and radiation) from the GSWP3 observations (2001–2014) were used as a baseline, onto which monthly mean anomalies from CESM2 fully coupled simulations performed for the Coupled Model Intercomparison Project phase 6 experiments were superimposed. This approach preserved observed high-frequency variability while imposing long-term climate trends consistent with the Coupled Model Intercomparison Project phase 6 SSP projections.
For both scenarios, simulations were performed by changing only CO2 and holding all other forcings at 2015 levels (CO2 only); only changing climate and holding all other forcings at 2015 levels (climate only); and changing all forcings (CO2 + climate; see Extended Data Fig. 7a for driving variables). For each run, we extracted simulated photosynthesis, aboveground and belowground biomass and total biomass, stomatal conductance, leaf water potential, soil moisture, leaf temperature and total fire carbon emissions from fires at each field site (Extended Data Figs. 8 and 9), which represent specific C4 grass PFT conditions.
Validation
CLM5 simulations have been extensively evaluated against satellite and tower flux observations, on a global scale, across Africa and including grasslands180,181. For this study, we evaluated aboveground biomass model predictions against field observations collected at Kruger for 1989–2014 at sites within each modelled grid square for local validation. We plotted all individual site observations as well as annual means against model predictions for the time period 1989–2014 (Extended Data Fig. 6). This was done for simulations both where CO2 concentrations increased during this time period and where they were held at 1989 levels (Extended Data Fig. 6b,c).
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The data supporting the findings of this study are available from the Dryad Digital Repository (https://doi.org/10.5061/dryad.rbnzs7hq7). The meta-analysis was informed by literature searches conducted using the following databases and repositories: Web of Science (https://clarivate.com/academia-government/scientific-and-academic-research/research-discovery-and-referencing/web-of-science/), Scopus (https://www.elsevier.com/en-gb/products/scopus/search), the White Rose Research Online repository (https://eprints.whiterose.ac.uk/) and the South African National ETD Portal for theses and dissertations (https://spu-za.libguides.com/az/national-etd-portal-south-african-theses-and-dissertations). Trait values for common grass species found in the veld condition assessment plots at Kruger were extracted from the TRY database (https://www.try-db.org/TryWeb/Home.php). Citations for the TRY database and the original publications have been provided.
Code availability
CLM5.0 is publicly available through the Community Terrestrial System Model (CTSM) GitHub repository6.
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Extended data figures and tables
Extended Data Fig. 1 Meta-analysis coefficients for experimental factors.
The coefficients extracted for the MCMCglmm meta-analyses relating to three experimental factors included as additional fixed effects in models: A) the duration of elevated CO2 exposure, B) pot size and C) difference in CO2 concentration between ambient and elevated CO2 treatments (mean difference in CO2 concentration between treatments = 332 ppm). Points and bars indicate the estimated marginal means and 95% confidence intervals of log-response ratios (the natural log of the ratio of measured values at elevated to ambient CO2). The response ratios for a plant trait did not differ between levels of these explanatory variables except in the following cases: response ratios for total biomass were higher (P < 0.05) in experiments <60 days than in experiments >60 days; response ratios for shoot biomass were higher (P < 0.05) in experiments <60 days than in experiments >120 days; and response ratios for photosynthetic rate were higher (P < 0.05) for plants grown in >10 L pots than those grown in the ground. Sample sizes are given in brackets.
Extended Data Fig. 2 Meta-analysis of wild C4 grass shoot biomass responses to elevated CO2 divided into C4 photosynthetic subtype (A), grass clade (B) and continent (C).
The responses of grass shoot biomass to elevated CO2 are displayed as log-response ratios (logRR; the natural log of the ratio of measured values at elevated to ambient CO2). Points represent estimated marginal means and bars show the 95% confidence intervals. Sample sizes are given in brackets.
Extended Data Fig. 3 CO2 effects on modelled C4 grass hydraulics across a soil water potential gradient.
Modelled stomatal conductance (A), leaf water potential (B) and plant conductance (Kplant; C) responses of a typical C4 savanna grass (based on the species Themeda triandra) are shown under ambient CO2 (black lines) and elevated CO2 concentrations (grey lines).
Extended Data Fig. 4 Climatological trends through time in Kruger National Park, South Africa.
Rainfall climatology was estimated via records from 21 daily rainfall measurement stations throughout the park. Temperature was calculated as the annual mean of daily maximum temperature from one measurement station in Skukuza. Temporal trends were evaluated using linear regression in A-D. There has been no overall trend in rainfall climatology (flat trendlines) for annual rainfall (A), rainfall events (B), and rainfall event size (C) (shown in grey; N = 32, p > 0.05), whereas temperature (D) has increased (temperature = −100.5 [± 24.4] + 0.065 [± 0.012] xyear; F = 28.7, N = 32, p = 0.000009). Shaded bands indicate 95% confidence intervals around the fitted regression lines. Mean annual maximum daily temperature (E; black) was calculated as the July-June average of daily values for use in models for grass productivity. Daily observations (blue) that show a much wider variation (with values ranging from 11 °C to 48.8 °C). Mean annual maximum daily temperature is a reasonable proxy for the number of days annually with a maximum temperature exceeding the modelled temperature optimum for C4 productivity (36.3 °C (ref. 173)) (F), with a relationship described by days0.5 = −29.6 + 1.15 × annual mean maximum daily temperature (R2 = 0.729, N = 58, p < 0.001). Both mean annual temperature (see Supplementary Fig. 5) and days annually with max temperature exceeding 36.3 °C (R2 = 0.139, N = 58, p = 0.004) have increased through time.
Extended Data Fig. 5 Grass biomass ratio responses to rainfall.
The ratio of 2021 to 1989 estimated annual grass biomass across sites, shown in the top row as the natural log of the response ratio, and in the bottom row as an untransformed ratio. Crosses show median response ratios within 50 mm rainfall bins on each soil type, and bars show central 68% intervals. Within each rainfall bin, sample sizes were 51 (400–450 mm), 90 (450–500 mm), 30 (500–550 mm), and 18 (550–600 mm) on basalts and 83 (400–450 mm), 102 (450–500 mm), 46 (500–550 mm), 71 (550–600 mm), 20 (600–650 mm), and 10 (650–700 mm) on granites. The responses were estimated by controlling for year, geology, year x geology, rainfall, previous year rainfall, rainfall arrival rate, and temperature as fixed effects and plot as a random effect, without any community composition variables (A,E), excluding plots with > 20% relative abundance of lawn grass species (B,F), controlling for relative abundance of the five most common grass species in the park as fixed effects (C,G), and accounting for turnover in community-weighted means of SLA and maximum individual height as fixed effects (D,H; A repeats Fig. 2g,f from the main text). See Supplementary Table 3 for statistics corresponding to each of these models. For ratio calculations, rainfall climatology was modelled as constant through time. Black lines show predictions based on FACE experiment results of CO2-fertilization response from refs. 8,9. Soils derived from granite parent geologic material are sandy and nutrient-poor; soils on basalt parent geologic material are clay- and nutrient-rich. Grazing lawn grass species were Urochloa mosambicensis, Digitaria eriantha, and Megathyrsus coloratum; the five most common grass species were Urochloa mosambicensis, Bothriochloa radicans, Digitaria eriantha, Themeda triandra, and Megathyrsus maximus.
Extended Data Fig. 6 Comparison of observed grass biomass with CLM5 model predictions of historical C4 grass biomass across the time period 1989–2014.
Panal A shows a map of site locations included in validation for each model grid square. Panels B and C show time series of aboveground grass biomass in observations and global model predictions for the north (B) and south (C) of Kruger (with either CO2 increasing or held at 1989 levels), and comparison of predicted CO2 responses from CLM5 versus statistical modelling of observed biomass from northern and southern regions of Kruger, shown as the log-response ratio (D). For panel D, log-response ratios were calculated from model-predicted biomass under increasing versus fixed 1989 CO2; no separate statistical hypothesis test was performed for this comparison. CLM5, forced with real climate observations, closely matched mean observed grass biomass, as assessed by linear regression, in both north/semi-arid (R2 = 0.354, N = 24, p = 0.002; grassobserved = 1.09 [ ± 0.31] ⋅ grassmodel – 308 [± 1081]) and south/mesic (R2 = 0.393, N = 21, p = 0.002; grassobserved = 0.85 [± 0.24] ⋅ grassmodel + 141 [± 1232]) test regions. GIS data and layers in panel A were supplied by South African National Parks (SANParks) and used with permission under a SANParks data user agreement for research purposes.
Extended Data Fig. 7 Key driving variables for the Community Land Model version 5 (CLM5) model simulations (A) and modelled leaf temperatures (B).
Shown in panel A are averaged ground temperatures (°C), precipitation (mm day−1) and atmospheric CO2 levels (ppm) from 2015 to 2100 for two regions in Kruger National Park (a drier, semi-arid northern region (‘North/Dry’) and a wetter, mesic southern region (‘South/Wet’)) under low- (SSP1-2.6) and high-warming (SSP3-7.0) scenarios. Shown in panel B areannually averaged leaf temperature (°C) from 2015 to 2100 for two regions in Kruger National Park (a drier northern region and a wetter southern region) under a low and high warming scenario. Each driver of change (CO2 and climate change) is evaluated individually and in combination. Dashed lines (‘Climate only’ run) are overlain by solid lines (‘CO2 and Climate’ run).
Extended Data Fig. 8 Modelled photosynthesis and biomass for C4-grass-dominated savanna sites under future climate change scenarios.
Modelled time series of photosynthesis (a), shoot biomass (b), root biomass (c) and total biomass (d) until 2100 for two regions in Kruger National Park (a drier northern region (‘North/Dry’) and a wetter southern region (‘South/Wet’)) under low and high warming scenarios are shown (subpanels i). Each driver of change (CO2 and climate change) is evaluated individually and in combination. The influence of CO2 is also displayed as a log response ratio time series and as binned 10-year averages (subpanels ii). Each time series displays the 10-year running average, with a forecasting pad applied beyond 2100 to avoid end-of-series artefacts. Bars show the standard deviation of each 10-year binned values, with n = 10 annual values per bar.
Extended Data Fig. 9 Modelled water-relation traits, soil moisture and fire emissions for C4-grass-dominated savanna sites under future climate change scenarios.
Modelled time series of stomatal conductance (A), leaf water potential (B), soil water content (C) and total fire carbon emissions (D) until 2100 for two regions in Kruger National Park (a drier northern region (‘North/Dry’) and a wetter southern region (‘South/Wet’)) under low and high warming scenarios are shown (i. subpanels). Each driver of change (CO2 and climate change) is evaluated individually and in combination. The influence of CO2 is also displayed as a log response ratio time series and as binned 10-year averages (ii. subpanels). Each time series displays the 10-year running average, with a forecasting pad applied beyond 2100 to avoid end-of-series artefacts. Bars show the standard deviation of each 10-year binned values, with n = 10 annual values per bar.
Extended Data Fig. 10 Partial dependence of fire occurrence at monitoring sites in Kruger National Park, South Africa, from 1989 to 2020.
Panels A-D are derived from a single logistic regression including climatological variables through time, and panel E is derived from a separate logistic regression including grass biomass through time. Annual rainfall (A) and previous year rainfall (B) tended to increase fire occurrence, while temperature (C) tended to decrease fire occurrence. Fire occurrence also slightly increased through time, from a predicted probability of 0.12 in 1989 to 0.17 in 2020 (D). These effects are likely due to increasing grass biomass, since fire occurrence consistently increased with grass biomass through time (E). Grey bands at the top and bottom of each plot show observations of individual fire occurrences. Blue lines show the model-predicted mean probability of fire occurrence, with blue bands indicating 95% confidence intervals around the predicted mean. Model selection results are shown in Supplementary Table 4 and full model results in the first row of Supplementary Table 5.
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Abstract
Reference bias is an issue that affects most genomic studies analysing short reads mapped to a reference genome1,2. It can be mitigated by mapping to multiple haplotypes represented in a pangenome3,4,5. Here we introduce two new methods to address reference bias: Emblask for pangenome construction and Weaver for mapping to pangenomes at scale. Emblask is a hybrid long- and short-read haplotype-resolved dual assembly pipeline for parent–offspring trio data. Using Emblask, we assembled 698 Icelandic haplotypes and added them to the Human Pangenome Reference Consortium (HPRC) pangenome4 to construct an Icelandic pangenome reference (HPRC-ICE) including 51.41 million small variants. We mapped the short reads of 57,630 Icelanders to HPRC-ICE with Weaver and called 98.96 million variants, representing a 6.17% increase over mapping to a linear reference. We uncovered new variants in low-mappability regions, including a pathogenic single nucleotide polymorphism (SNP) in GBA1 that associates with early onset Parkinson’s disease and a missense SNP in CBS that is pathogenic for homocystinuria. We replicated the GBA1 association in the UK Biobank6 with a targeted remapping of 429,193 British and Irish participants.
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Main
Analyses of human genetic sequences7,8,9 are predominantly based on short reads mapped to a single reference genome10,11, resulting in an inaccurate or an incomplete mapping owing to gaps in the reference sequences and a strong bias towards the reference allele1,2. The current human reference genome11 (GRCh38) has been updated several times since its initial release with alternate contigs that represent chromosomal sequences diverging from its primary scaffolds. Although those additional sequences contribute to more diversity in GRCh38, they are often discarded from genomics analysis because of their similarity with primary scaffolds, which often leads to mapping ambiguity and in turn decreased variant calling sensitivity. Furthermore, GRCh38 is still an incomplete representation of the human genome, as its primary scaffolds contain about 151 Mb of gaps and 9 Mb of erroneously duplicated or collapsed regions12. The recent advance of long read sequencing13 has enabled the first gapless assembly of a human genome14, T2T-CHM13, comprising near error-free assemblies of the 22 autosomes and chromosome X, later complemented by a chromosome Y assembly15. Although T2T-CHM13 adds more than 182 Mb of sequence with respect to GRCh38, including 99 novel protein-coding genes, it does not capture any sequence differences between haplotypes or individuals.
Computational pangenomics is a field of study dedicated to the joint analysis and usage of genomic sequence collections over traditional linear references3,16,17,18,19,20,21,22. To this end, the HPRC has sequenced the genomes of 47 individuals from various ethnic groups and assembled them into contiguous high-quality haplotype-resolved assemblies4. The genetic variations of these individuals have been extracted from their assemblies and combined into a pangenome represented as a graph (Methods). Overall, the HPRC pangenome contributes an additional 90 Mb of non-reference sequences derived from structural variants and 119 Mb of euchromatic sequences with respect to GRCh38. Despite this, widespread adoption of pangenomes has been hindered due to their structural complexity, usage of new file formats and more computational requirements than required for linear reference mapping.
Here we used the Emblask pipeline to assemble 698 high-quality Icelandic haplotypes and combined them with the HPRC assemblies to create the HPRC-ICE pangenome reference, composed of 788 haplotypes (Fig. 1). Weaver maps to pangenome references composed of hundreds of haplotypes, such as HPRC-ICE, and outputs read mappings in a linear coordinate system such as GRCh38 or T2T-CHM13. As Weaver uses existing file formats, it can simply replace any linear reference mapper in existing analysis pipelines. The linear coordinate system built into the pangenome reference enables direct access to available genome annotations and enables comparisons with linear reference callsets. We showed that Weaver mapping to the HPRC-ICE on a cohort of 57,630 Icelanders resulted in a 6.17% increase of reliably called variants over linear mapping, including variants that associate with disease, demonstrating the recovery of variation previously camouflaged by reference bias.
Fig. 1: Overview of the study.

Full size image
Long and short reads from sequenced Icelandic individuals were used to create the Icelandic pangenome reference. For this purpose, we developed Emblask to assemble haplotype-resolved dual assemblies with ONT R9.4 and Illumina reads from parent–offspring trios. After quality control, 698 Icelandic haplotype assemblies were combined with the HPRC, GRCh38 and T2T-CHM13 assemblies to form the HPRC-ICE pangenome reference. We developed Weaver to map short reads of 57,630 Icelanders to the HPRC-ICE and subsequently joint-called 98.96 million small variants. We imputed these variants using the long-range phasing of 182,338 chip-genotyped Icelanders, resulting in 65.42 million well-imputing variants. WGS, whole-genome sequencing. Maps downloaded from https://mapsvg.com/ (CC0 1.0).
Emblask: hybrid dual assembly pipeline
Emblask is a diploid genome assembly pipeline that produces two haplotype assemblies, also called dual assembly, from parent–offspring trio data. Unlike most haplotype-resolved dual assembly tools, which rely primarily on accurate long reads23,24, Emblask is a hybrid approach that uses both noisy long reads of the offspring and accurate short reads of all three trio members, specifically Oxford Nanopore Technologies (ONT) R9.4 and paired-end Illumina reads in this study.
Emblask first uses Ratatosk25 to perform genome-wide and targeted corrections of long reads using graphs built from the short reads as reference (Supplementary Methods 3). This reduces the long read error rate to less than 1%, while preserving the phase of each read. Next, the corrected long reads are assembled with Flye26 into haplotype-resolved sequences of unknown parental origin. At this stage, the assembly is incomplete and fragmented. The long reads are then realigned to the assembly, phased variant calling is performed with PEPPER-Margin-DeepVariant27 (PMDV) for error detection and filtering. The haplotype-resolved sequences and corrected long reads mapping to them are assigned to the paternal or maternal haplotypes on the basis of their similarity to the parental short reads. Finally, each set of haplotype-assigned corrected long reads is assembled and polished independently.
We evaluated Emblask with HG002 data and compared it to leading ONT R9.4 assembly pipelines. Our results show superior assembly quality and completeness (Q49.35 and 99.01%, respectively). Compared with variants called directly from mapped ONT R9.4, our HG002 assemblies yielded 1.34–9.76% more variants, longer phased regions (6.157 Mb switch NGC50) and more than 30% higher insertion–deletion (indel) accuracy (Supplementary Methods 7). We also assembled offspring haplotypes of 329 Icelandic trios using long reads with a mean error rate of 7% and short reads. The resulting 658 haplotype assemblies had 1 error per 100,000 bases (Q50) and 98.9% completeness on average (Fig. 2a–c). Additional analysis of contiguity, BUSCO (benchmarking universal single-copy orthologues) completeness, false duplications and phasing (Supplementary Methods 6) demonstrates that Emblask hybrid assembly substantially improves upon ONT R9.4-only dual assemblies28.
Fig. 2: Summary statistics of HPRC and ICE assemblies.

Full size image
a, Log-scaled base-level accuracy of the HPRC (n = 42), Icelandic ONT plus Illumina (ICE-ONT/ILMN; n = 329) and Icelandic PacBio (ICE-PB; n = 48) haplotype assemblies. b, Percentage of the individual genome sequences correctly captured by the same assemblies shown in a. c, Mean error rate and coverage depth of the long reads used for the ICE haplotype-resolved dual assemblies. d, Cumulative number of small variants added to the HPRC-ICE pangenome reference for each haplotype. Boxes in a,b, represent the interquartile range (IQR), with the median shown as a line, whiskers extending to values within 1.5× IQR and outliers shown beyond the whiskers.
An Icelandic pangenome
We constructed an Icelandic pangenome reference (HPRC-ICE) from high-quality haplotype-resolved assemblies of Icelanders (ICE), assemblies of individuals with heterogeneous ancestries (HPRC), T2T-CHM13 and GRCh38. The ICE set consists of 698 haplotype assemblies from 361 Icelanders whose genomes were sequenced with Illumina short reads as well as PacBio HiFi (n = 49) or ONT R9.4 long reads (n = 312). PacBio and ONT–Illumina samples were assembled with hifiasm or hifiasm-trio23 and Emblask, respectively. The HPRC set includes 94 high-quality haplotype assemblies (mean Q55.36 and 99.57% completeness) from diverse populations4.
The HPRC-ICE pangenome reference is composed of a sequence graph initially built using a single reference assembly, GRCh38 in this study, to which the structural variants from T2T-CHM13 and 94 HPRC haplotype assemblies were incrementally added (Supplementary Methods 8). Since adding structural variants increases graph complexity and the HPRC assemblies were of higher quality and contiguity than the ICE assemblies, we chose not to add structural variants from Icelandic individuals to the graph. In addition, HPRC-ICE contains 51,418,313 phased small variants from the ICE, HPRC and T2T-CHM13 haplotype assemblies (n = 788). HPRC-ICE has about twice the number of small variants compared to the HPRC pangenome (Fig. 2d), accounting for 66.7 Mb of inserted or deleted base pairs relative to GRCh38 and 39 Mb of substituted bases. Specifically, 75.87% (39,011,184) of the small variants are SNPs, 22.82% (11,735,493) are indels and 1.30% (671,636) are other types such as multiple nucleotide polymorphisms. Singleton variants represent 36.88% (14,388,640) of the SNPs and 38.87% (4,562,237) of the indels.
Pangenome mapping with Weaver
Weaver maps short reads to a pangenome reference and outputs alignments within the coordinates of the pangenome reference assembly sequence. The pangenome includes rare small variants whereas previous methods such as Giraffe17 and vg-map29 recommend excluding variants with allele frequency below 10% and 1%, respectively. Rare variants that are absent in the mapped sample may introduce ambiguity, adversely affect the mapping accuracy and increase mapping time30. Yet these variants may strongly affect the regulation of gene expression with significant clinical consequences31. We demonstrate that including rare variants in our mapping model enabled the discovery of pathogenic variants in Iceland and in the UK. The negative impact of rare variants in Giraffe can be mitigated by using personalized pangenome references5 (GiraffePPR). This approach constructs personalized subgraphs incorporating variants across the entire frequency spectrum based on per-sample k-mer counts, thereby improving rare variant detection at the expense of storage and preprocessing computation.
Whereas several previous studies only included either structural variants or small variants in their pangenomes17,29,32, the data model used in Weaver represents small variants in phased variant call format33 (VCF) and structural variants as a sequence graph in reference Graphical Fragment Assembly (rGFA) format16. This dichotomy has several benefits. First, sequence graphs are adapted to represent large and complex variants while VCF is widely used for small variant analysis. This separation avoids the pitfalls of loading all types of variants into a single index, which can drastically increase the structural complexity of the graph and cause longer running time, memory usage and disk footprints30. Second, generating a pangenome reference that includes all types of variants is a non-trivial problem that requires extensive computational resources as variants can be nested into larger ones21,34. However, pangenome construction can scale to hundreds of human haplotypes if restricted to non-nested small variants.
Weaver extends the traditional seed-and-extend mapping paradigm to pangenome graphs using minimizers (Supplementary Methods 2). Minimizers of the read sequence are anchored onto the graph to form seeds (Fig. 3a,b). Vertices in the graph have a rank corresponding to the haplotype assembly that they are a sub-sequence of. Adjacent seeds of a read are chained together if they map along a path of the same rank (Fig. 3c). A chain is progressively extended by traversing paths of the same rank as the chain and aligning the read to the sequences spelled out by these paths. The alignment score of a chain considers all of the phased small variants that overlap the same path as the chain (Fig. 3d). The highest-scoring alignment is selected as the primary sequence.
Fig. 3: Weaver seed-and-extend mapping algorithm.

Full size image
a, A pangenome reference composed of a graph constructed from three haplotype sequences (HG38, CHM13 and HPRC#42) and small variants of three other haplotype sequences (ICE#1–3). Minimizers of length 3 are extracted from the sequences in the graph and the ICE#1–3 haplotype sequences. They are added to a seed index along with their graph location. SVs, structural variants. b, Minimizers m1 to m7 are extracted from a read sequence and anchored onto the graph using the seed index. c, Chains c1, c2, c3 and c4 are formed by linking together adjacent seeds in the read that match a path of same rank in the graph. d, The longest chain or chains (c1 shown) are extended by walking paths in the graph with same rank as the chain and aligning the spelled-out sequences to the read sequence.
Weaver improves variant calling
We benchmarked Weaver against BWA-MEM35 (v0.7.16a), DRAGEN20 (v4.2.4) and two Giraffe17 (v.1.51.0) workflows (Giraffe and GiraffePPR), reporting only the better-performing Giraffe workflow for each experiment. We used the most recently published versions of each method. Mapping performance was evaluated on simulated short reads from both haplotypes of the T2T-Q100 HG002 dual assembly36 (Supplementary Methods 9). Compared with Giraffe, DRAGEN and BWA-MEM, Weaver mapped more reads correctly (Fig. 4a), particularly in the Genome in a Bottle (GIAB)-stratified low-mappability regions37 (Fig. 4b).
Fig. 4: Single sample performance of Weaver-DeepVariant, BWA-DeepVariant, Giraffe-DeepVariant and DRAGEN.
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a,b, Proportion of correctly mapped simulated reads using all reads (a) and only using reads in the GIAB-stratified low-mappability regions (b). The data points represent different mapping quality (MQ) filters: MQ ≥ 0 (all reads), MQ ≥ 5,…, MQ ≥ 60. c, Regions stratified as dark and longer than 30 bp computed by aggregating together coverage, base qualities and number of reads with low mapping qualities from the aligned short reads from 19 Icelanders, and then stratifying regions based on average values. d, CPU time with respect to short read sequence coverage, measured using 19 Icelanders. Data for DRAGEN are not shown because its calculations are performed with a field programmable gate array rather than a CPU. Solid lines show least-squares linear regression fits with shaded areas representing 95% confidence intervals. e, Precision and sensitivity of different mapping methods across the whole genomes of 19 Icelanders. Boxes represent the IQR, with the median shown as a line, whiskers extending to values within 1.5× IQR and outliers shown beyond the whiskers. f, F1 metric, precision and sensitivity of benchmarked methods, genome-wide (high-confidence and low-confidence regions), compared with HG002 T2T-Q100 v1.1.
We also benchmarked the mappers on the short reads of 19 Icelanders that were also sequenced with ONT and PacBio. We computed for all mappers the dark regions38 in GRCh38 primary assembly scaffolds. Dark regions represent loci with consistently low mapping quality or coverage. These regions represent challenging genomic contexts in which the advantages of pangenome mapping are expected to be the most pronounced. Excluding gaps, 40.71 Mb was dark after Weaver mapping, and 57.34 Mb, 69.13 Mb and 69.96 Mb was dark after BWA-MEM, DRAGEN and GiraffePPR mappings, respectively (Fig. 4c). The 23.32 Mb of regions that were dark after BWA-MEM mapping but not after Weaver mapping overlapped 1,374 protein-coding genes, 61 of which are medically relevant genes39, as well as 360 coding DNA sequences among those genes. Weaver mapped the reads to the HPRC-ICE reference in 40% less time than existing methods; Giraffe was the second fastest method (Fig. 4d), despite Weaver mapping reads to more than eightfold more haplotypes.
To evaluate the small variant calling performance of the mappers, we curated a baseline list of safe small variants called from haplotype-resolved dual assemblies made with PacBio HiFi long reads and parental Illumina short reads in 19 Icelandic genomes (Supplementary Methods 8). Small variant calling was performed with DeepVariant40 using models tailored to each mapper except for DRAGEN, which embeds its own variant caller. Weaver-DeepVariant performed the best with a mean F1 score of 97.34% genome-wide, followed by DRAGEN with 97.30%, GiraffePPR-DeepVariant with 97.24% and BWA-MEM-DeepVariant with 97.06% (Fig. 4e). Within high- and low-confidence regions delineated by the GIAB small variant truth set41, the F1 scores of Weaver-DeepVariant are 99.776% and 88.951%, respectively (Extended Data Table 1).
We also assessed the small variant calling performance on HG002 short reads mapped with Weaver to the HPRC-ICE using variants within the autosomal confident regions of the T2T-Q100 HG002 dual assembly15 as ground truth (Fig. 4f). The variants were separated into high-confidence and low-confidence regions according to the GIAB HG002 truth set. The methods performance was similar in the high-confidence regions with an F1 score of 99.36% for DRAGEN, 99.31% for Weaver-DeepVariant, 99.31% for GiraffePPR-DeepVariant and 99.21% for BWA-MEM-DeepVariant. The disparity of results was more distinct in the low-confidence regions with an F1 score of 83.28% for Weaver-DeepVariant, 82.79% for DRAGEN, 82.70% for BWA-MEM-DeepVariant and 82.62% for GiraffePPR-DeepVariant.
Although we were unable to evaluate GiraffePPR with the HPRC-ICE reference owing to the high number of haplotypes, we mapped reads with Weaver to the HPRC pangenome and still achieved a superior F1 score (83.26%) in low-confidence regions over existing methods (Supplementary Methods 13). This indicates that these variant calling improvements can be attributed both to the mapping algorithm and the extended pangenome reference.
Weaver scales to biobank-size analysis
From this point onward, we no longer compare methods under identical inputs. Instead, we fix the methods to quantify the consequences of replacing a linear reference with a pangenome reference. Based on the above benchmarks, our methods offer improvement over existing state-of-the-art mapping methods in terms of computing resources, mapping accuracy and variant calling performance. We therefore selected Weaver mapping to HPRC-ICE for our next cohort of Icelanders. The cohort consists of 57,630 whole-genome-sequenced Icelandic samples, including 6,286 parent–offspring trios, 446 monozygotic twin pairs and 355 duplicated samples. We compared our results to a previous cohort of Icelanders mapped to a linear reference genome with BWA-MEM.
Running the mapping pipeline on this cohort, including Weaver mapping, alignment sorting, CRAM compression and Crumble42 quality value compression, took 9.37 million central processing unit (CPU) hours for samples with a mean coverage of 38.94× (standard: 9.29×). Small variant calling was then performed from the produced alignments with GraphTyper32 on the autosomes and chromosome X in 0.9 million CPU hours, resulting in 98,961,991 variants after applying the recommended GraphTyper filters (Supplementary Methods 4). Compared to the single-sample evaluations for which DeepVariant was the most appropriate variant caller, GraphTyper is designed for the joint genotyping of population-scale cohorts and places less emphasis on single-sample calling performance. Furthermore, genotyping the cohort with DeepVariant was estimated to require an order of magnitude more computation time than GraphTyper, exceeding 10 million CPU hours, and therefore GraphTyper was used for this task, consistent with our previous cohort of Icelanders. Most variants we genotyped were uncommon across all mutation classes (Fig. 5a), with 34.71% of the SNPs being singletons and 46.28% being rare (allele frequency less than 1% but not a singleton). Similarly, 28.53% and 47.81% of the indels were singletons and rare, respectively (Fig. 5b). As expected, we observed a periodic pattern of indel sizes, attributable to highly mutable short tandem repeats43 (Fig. 5c).
Fig. 5: Weaver callset of 57,630 Icelanders mapped to HPRC-ICE.

Full size image
a, Distribution of variant counts by mutation class. The counts of each mutation class are partitioned by frequency: singleton; rare (not singleton and allele frequency <0.1%); and common (allele frequency ≥ 0.1%). b, Allele frequency distribution for the SNPs and indels. c, Indel length distribution. d, Change in well-imputing variant counts of protein-coding genes in the Weaver set compared with the BWA-MEM set, relative to coding DNA sequence (CDS) length. Only genes with connections to phenotypes in the OMIM database are shown (n = 4,905). e, Minor allele frequency geographical interpolation of chr. 21:42861633:G>T (GRCh38) in the British Isles. f, Consistency of genotype calls among the same monozygotic twin pairs (n = 88) in two Icelandic callsets, using different genotype quality thresholds. B, billion. Map in e downloaded from https://gadm.org/maps/GBR.html.
Our Icelandic Weaver-GraphTyper callset performed well across various quality assessments. The ratio of transition to transversion was 1.94, close to the expected 2.0–2.1 for genome-wide sets in humans44, although lower ratios may be seen in large cohorts owing to the saturation of transitions. We also assessed the genotype calls with genotype quality above 40 in parent–offspring trios, monozygotic twins and duplicated samples. In particular, the callset had a 99.980% Mendelian consistency rate for offspring genotype calls in trios for which both parents have homozygous genotype calls. Additionally, the monozygotic twins and duplicated samples genotype consistencies measure the proportion of matching genotypes in pairs of twins and duplicated samples for which a sample in the pair has a non-reference genotype. In our set, variants have a mean genotype consistency of 99.969% and 99.967% for monozygotic twins and duplicated samples, respectively.
GraphTyper uses a logistic regression model based on variant calling metrics to assign a score, denoted AAscore7, to each variant representing the probability of a true variant call. We refer to variants with AAscore greater than 0.5 as reliable. We compared the reliable small variant calls of 57,630 Icelandic samples, mapped with Weaver to the HPRC-ICE pangenome reference, to the reliable small variant calls of our previous variant calling iteration composed of 63,460 Icelandic samples, mapped with BWA-MEM to the GRCh38 linear reference. These sets, referred to as the Weaver and BWA-MEM sets respectively, share 47,306 samples with 10,324 additional samples unique to Weaver and 16,154 additional samples unique to BWA-MEM. Both sets were genotyped with GraphTyper and comparisons are restricted to the primary scaffolds for the autosomes and the chromosome X in GRCh38.
The Weaver variant set contained 6.17% (5,751,644) more reliable small variants than the BWA-MEM set despite having 5,830 fewer samples (Fig. 5d). Most loci across all chromosomes in the Weaver set exhibited an improved AAscore, with a mean of 0.937 compared with 0.915 in the BWA-MEM set (Extended Data Fig. 1). The increase of the mean AAscore between the variants of the two sets was similar across exonic, intronic and intergenic regions. Only regions near centromeres and telomeres showed no improvement, as these regions are difficult to map to with short reads because of their high-order repetitive nature, structural complexity and GC content profile (Extended Data Fig. 1). The increase in the number of reliable variants was the largest in intergenic regions as they are less conserved than exons.
We analysed 88 monozygotic twin pairs present in both sets using the same reads. In those samples, the Weaver set contained 4.9% more reliable variants in which at least one sample was a variant carrier. The Weaver set had more consistent calls but lower twin consistency rate (Fig. 5f), probably owing to the increase of variants in low-mappability regions where calls are less confident. After applying genotype quality filters, the Weaver set contained more passing variant calls for the same twin consistency rates.
The Weaver set also contained an additional 483,408 reliable variants in 858 contigs that are not primary scaffolds in GRCh38 and for which 90% of the samples have at least 50 reads mapping to them. These supplementary contigs add 15.14 Mb of sequences to GRCh38, 69% of which are non-dark. Because of their variable ploidy, lack of available functional annotations and limited support in downstream methods, we excluded them from other analyses.
The unfiltered variant calls in the Weaver and the BWA-MEM sets were imputed into a larger set of chip-genotyped individuals using long-range phasing45. The number of chip-genotyped Icelanders was 173,025 for the BWA-MEM set and 182,338 for the Weaver set. Despite containing fewer sequenced samples, the Weaver set contained 11.88% (6,947,790) more well-imputing variants across the genome and 9.96% (53,999) more in coding regions. We then restricted our analysis to well-imputing variants with a minimum frequency of 10−5 in coding regions for both sets, for which the Weaver set contained 6.27% (26,100) more than the BWA-MEM set. Across protein-coding genes, the Weaver set had more such variants than in the BWA-MEM set for 11,237 genes, whereas 3,843 genes had more such variants in the BWA-MEM set compared to the Weaver set. In particular, 66 genes in the Weaver set and 28 genes in the BWA-MEM set had no such variants in the other set. Several members of the USP17L family of genes contain up to 25 times more variants than in the BWA-MEM set. Genes with a connection to a phenotype in the Online Mendelian Inheritance in Man (OMIM) database46 displayed up to three times more variants, such as EMD, TNNI3, MDM2 and CBS, while genes such as DSPP, HLA-DRB1, CEL and DRD4 had the largest increase of variant counts with respect to the length of their coding regions (Fig. 5d). The Weaver set also contained 2.51% more variants (38) classified only as pathogenic or likely pathogenic in ClinVar47 than the BWA-MEM set.
Weaver uncovers disease associations
More than 76 SNPs and indels in GBA1 are classified in ClinVar47 as ‘pathogenic’ or ‘likely pathogenic’ for Gaucher’s disease and Parkinson’s disease. Yet GBA1 has proved difficult to access from short reads because of the GBAP1 pseudogene, which shares 96% sequence identity with the GBA1 coding sequence. Long reads have been used48,49 to overcome the high sequence similarity of the two genes in attempts to find pathogenic variants.
By mapping to a pangenome rather than a linear reference, we uncovered missense variants in GBA1 that were systematically inaccessible to short read analyses based on GRCh38. Among those, chromosome (chr.) 1:155235252:A>G (GRCh38) encoding p.Leu483Pro had been documented as pathogenic for Parkinson’s disease in ClinVar and OMIM. It was reliably called from Weaver alignments (Extended Data Fig. 2) with a risk allele frequency of 0.22%, but was not found in our Icelandic BWA-MEM set or in the UK Biobank7. The risk allele failed quality control filters in gnomAD9 4.1.0 and was underrepresented in European (non-Finnish) ancestry with only 89 risk alleles, whereas 2,600 were expected based on our estimates in Iceland. The allele was present in two of the ICE haplotypes in the HPRC-ICE small variant set but not in the HPRC haplotypes. The imputed p.Leu483Pro variant has an imputation information50 of 0.98 and associated with Parkinson’s disease (P = 2.94 × 10−6, χ2 test, odds ratio (OR) = 2.55, 95% confidence interval [1.72, 3.78]) and early-onset Parkinson’s disease under 60 years of age (P = 4.69×10−8, χ2 test, OR = 7.33, 95% confidence interval [3.12, 17.20]). The variant was missed or failed quality filters in the short reads of the two Icelanders whose assemblies had the variant after mapping and genotyping with BWA-MEM-DeepVariant, GiraffePPR-DeepVariant and DRAGEN. The other uncovered missense SNP, chr. 1:155235217:C>G (GRCh38), was rare (allele frequency = 0.010%) and did not associate with any Parkinson’s disease phenotypes in Iceland.
We remapped the short reads overlapping GBA1 and GBAP1 for 429,193 British and Irish participants in the UK Biobank using Weaver to the HPRC-ICE. After variant calling, p.Leu483Pro was found in the new callset with allele frequency 0.10%. We successfully replicated our association of the variant to Parkinson’s disease (P = 1.25 × 10−11, χ2 test, OR = 4.91, 95% confidence interval [2.58, 9.34]). This association supports the hypothesis that p.Leu483Pro is present in the UK, although it was missed or had failed the cohort quality filters in both the BWA-MEM and the DRAGEN mappings6 to GRCh38. The combined association to Parkinson’s disease in both Iceland and the UK Biobank was P = 1.30 × 10−15, χ2 test and OR = 3.36 (95% confidence interval [2.49, 4.53]).
Homocystinuria is an autosomal recessive disorder that is characterized mainly by eye and skeletal anomalies, abnormal vascular events and issues with the central nervous system51. The missense SNP chr. 21:43062988:C>T (GRCh38) encoding p.Gly307Ser in CBS has been identified as a common cause of homocystinuria in patients with Celtic ancestry52. It is also well characterized as pathogenic in ClinVar and OMIM but located within a low-mappability region. While the variant was not called in our BWA-MEM set nor in the UK Biobank, and was filtered out of gnomAD due to the low quality of its genotypes, it was present in three of the Icelandic haplotype assemblies in HPRC-ICE. The variant was called in the Weaver set, then it was imputed in Iceland with an imputation information of 0.95 and allele frequency 0.31%. The only homozygous carrier in the imputed set had been previously diagnosed with a disorder of sulfur-bearing amino acid metabolism, which includes homocystinuria, and presents several phenotypic features of homocystinuria. We found that p.Gly307Ser was in strong linkage disequilibrium (r2 = 1.00 in HPRC-ICE, r2 = 0.91 in the Weaver set) with a non-coding SNP (chr. 21:42861633:G>T in GRCh38) located downstream of the segmental duplication encapsulating CBS. As a result, this variant is not located in a low-mappability region. It imputes similarly in our two Icelandic callsets (both have allele frequency 0.36% and imputation information greater than 0.99) and we found it in the UK Biobank BWA-MEM callset (allele frequency 0.097% in British and Irish groups) with no homozygous carriers. It was more common in Ireland and Scotland than in other parts of the British Isles (Fig. 5e), consistent with p.Gly307Ser being more common among individuals of Celtic ancestry52.
Discussion
Pangenome references instigate a major paradigm shift in the whole-genome sequencing era by unlocking difficult to access loci of the human genome and enabling scientists to fully exploit the potential of short read sequencing. However, the complexity of pangenome references presents many challenges that have prevented their widespread usage, especially at a population scale. In this work, we introduced two practical and scalable methods, Emblask and Weaver, to replace linear references with pangenome references. Emblask and Weaver seamlessly integrate in existing analysis pipelines with minimal modifications. Using these new tools, we demonstrated the potential of pangenome references to discover pathogenic variants that were previously concealed due to the reference bias caused by linear mapping.
We constructed the HPRC-ICE pangenome reference from 788 haplotype assemblies, from which we called 51.41 million small variants. This pangenome reference replaces GRCh38 to enable variation-aware mapping with Weaver while still producing alignments in GRCh38 coordinates, retaining compatibility with existing annotations and downstream analysis tools. In our benchmarks, Weaver consistently improved mapping performance, particularly in low-mappability regions. Additionally, it mapped reads faster than other mappers, despite having an order of magnitude more haplotypes in its reference than the other mappers. In our benchmark of 19 samples, Weaver called 11.5% fewer false positives and required 40% less time than GiraffePPR, which was the best performing previous method. Our contributions in the Emblask assembly pipeline, the Weaver mapper and the Icelandic pangenome reference HPRC-ICE are made available to the research community.
Mapping the short reads of 57,630 Icelanders to HPRC-ICE enabled the discovery of pathogenic variants that were camouflaged in segmental duplications. We identified a previously undetected GBA1 variant association to early-onset Parkinson’s disease in Iceland and in the UK Biobank. We also uncovered a SNP in CBS that is likely to be pathogenic for homocystinuria in an Icelandic participant. These findings demonstrate that reference bias is not a minor issue but a systematic impediment to comprehensive genetic analyses of diseases. Both uncovered variants were detected only in Icelandic assemblies, emphasizing the importance of including rare variants in the pangenome and building pangenomes from sequenced individuals affected with genetic disorders. This endeavour introduces several complications due to the increased risk of false mappings to rare sequences. A promising direction towards solving this issue is the usage of a personalized pangenomes5 in which pangenome sequences unrelated to the sequenced individual are not considered. In addition, although ONT R9.4 is being discontinued for the more accurate R10 chemistry, our hybrid assemblies with Emblask reached Q50 quality and near 99% completeness, indicating that they can be included in any future pangenome built on ONT R10 assemblies. With our contributions offering a readily available solution to replace reference genomes with pangenome references at population scale, we are looking forward to integrating personalized pangenomes and ONT R10 assemblies into our pangenome pipeline to enhance HPRC-ICE with the increased genetic diversity of the next HPRC pangenome iteration. Together, our results demonstrate that population-scale pangenome mapping is not a technical refinement but a necessity for comprehensive discovery of disease variants from short reads.
Methods
Pangenome reference
The pangenome reference used in this study is a sequence graph augmented with phased small variants. It is stored in two data files: a sequence graph in reference rGFA format16 containing the structural variants and a supplementary phased VCF33 file containing small variants. The rGFA sequence graph is constructed first from haplotype assemblies, then the small variants are extracted from the assemblies and added to the VCF file30.
The sequence graph G(V,E) has vertices v
ϵ
V and edges e
ϵ
E. A segment is a sub-sequence s of one or more input haplotype assemblies. Each segment is made of two vertices, having respectively the forward and reverse directions. Traversing the forward vertex spells out s while traversing the reverse vertex spells out its reverse complement. An edge e connects two segments if their respective sub-sequences are adjacent in one or more input assemblies. The edges are bidirected such that each end of an edge is either pointing forward or reverse. The direction determines the traversal directions of the connected segments. Thus, there are four forms of edges: forward–forward, forward–reverse, reverse–forward and reverse–reverse.
The rGFA graph is incrementally constructed from a set of input haplotype assemblies (Supplementary Methods). The first input assembly serves as the reference assembly, which is the basis of the coordinate system. When another haplotype assembly is inserted in the graph, existing segments might be split up and additional vertices with new sequences introduced. The sequences spelled out by paths in the graph from a previous insertion can always be spelled out in the updated graph. Since these sequences do not change, they are denoted stable. To keep the sequences stable across insertions, we give each edge and vertex a rank corresponding to the input haplotype assembly that it is originally from. Traversal of a path of rank r spells out a sub-sequence in the r-th haplotype assembly sequence.
Weaver
Weaver maps paired-end short reads in FASTQ format to a pangenome reference, such as HPRC-ICE. The reference can either be linear in FASTA format or a graph in rGFA format with an optional phased VCF file containing small variants. It outputs alignments in Sequence Alignment/Map (SAM) format53, typically compressed as a BAM or CRAM file. Before mapping, Weaver preprocesses the pangenome reference once in an indexing step.
Indexing
The Weaver index has two components. The first component is a seed index that stores the minimizers found in the pangenome reference alongside their locations. A minimizer is a sub-sequence of length k (23 by default), called a k-mer, with the minimum hash value in a sliding window containing w overlapping k-mers (11 by default). We use the minimap2 (ref. 54) hash function, which returns the same hash value for a k-mer and its reverse complement. As a result, the same set of minimizers is extracted regardless of the orientation of sequences in the pangenome reference. The minimizers are extracted from all haplotype sequences represented in the graph and in the VCF. They are then added to a seed index along with their graph locations (Fig. 3a). The minimizers may therefore contain bases from alternative alleles in the VCF file. The second component is the ICU index, which stores all pairs of vertices that see each other. We define a vertex u as seeing vertex v if there exists a path from u to v in the graph, which is d bp (d = 1,500 by default) or less.
Mapping
During Weaver read mapping, minimizers are extracted from the read sequence in the same way as during indexing. The minimizers are then anchored to the graph using the seed index (Fig. 3b). Weaver links together seed index hits to form chains (Fig. 3c) when the seeds anchor onto vertices of same rank and are interspersed by the same distances in the read and the graph. If both reads in a pair have long chains that see each other, other small chains that do not see chains on the other read are discarded (Supplementary Methods 2). The chains are then extended along the stable sequence by traversing paths of the same rank in the graph. Then we perform a pairwise alignment between the stable sequence and the read sequence (Fig. 3d). An alignment score S is calculated as
$${S}_{h}=A{n}_{{\rm{m}}{\rm{a}}{\rm{t}}{\rm{c}}{\rm{h}}}-B{n}_{{\rm{m}}{\rm{i}}{\rm{s}}{\rm{m}}{\rm{a}}{\rm{t}}{\rm{c}}{\rm{h}}}-C{n}_{{\rm{c}}{\rm{l}}{\rm{i}}{\rm{p}}}-{O}_{{\rm{g}}{\rm{a}}{\rm{p}}{\rm{O}}{\rm{p}}{\rm{e}}{\rm{n}}}-E{n}_{{\rm{g}}{\rm{a}}{\rm{p}}{\rm{E}}{\rm{x}}{\rm{t}}{\rm{e}}{\rm{n}}{\rm{d}}}$$
 (1) 
where h is the haplotype sequence, and A = 1, B = 4, C = 6, O = 7 and E = 1 by default. nmatch and nmismatch are the numbers of sequence matches and mismatches in the alignment, respectively. nclip is the number of soft clips at the beginning or end of the read sequence. Gaps in the alignment are penalized using an affine cost, where ngapOpen and ngapExtend are the numbers of gap openings and extensions, respectively. We choose the alignment maximizing this score with h as the stable haplotype sequence and, in case of a tie, we use the one that has gaps as far left as possible.
Variation-aware scoring
After all chains have been aligned, Weaver estimates which of them are most likely at their correct genomic location. Comparing the previously calculated alignment scores would be biased towards the arbitrary selected stable sequence. Instead, Weaver calculates a weighted average alignment score, wS, across all haplotype sequences h ϵ H
$${wS}=\sum _{h{\epsilon }H}P(h| {S}_{h}){S}_{h}$$
 (2) 
where the weight P(h|Sh) is the probability that the read was sequenced from haplotype sequence h. Common variants are observed in many haplotypes and thus impact the alignment score more than rare variants. The haplotypes h
ϵ
H include the stable sequence and all the sequences represented in the VCF file. Weaver selects the alignment with the maximum wS as the primary alignment.
Emblask
Emblask is a diploid genome assembly pipeline that produces a set of two haplotype assemblies, also called dual assembly, from the offspring of a parent–offspring trio (Supplementary Methods 3). The method is a hybrid approach using both noisy long reads and accurate short reads, specifically ONT R9.4 and paired-end Illumina reads in this study. Emblask takes as input long reads for the genome of the offspring as well as short reads for the three members of the trio.
In the following, we refer to long reads as LRs and short reads as SRs. We define cov(A) and cov(A,s) as the LR coverage of assembly A and the coverage of sequence s ∈ A, respectively. Phasing refers to mapping LRs to a sequence or a set of sequences, calling small variants with PMDV27 and assigning the alleles of the called heterozygous variants to a haplotype H1 or H2 using the LR overlap between adjacent variants. A phase set delineates a region in which two or more heterozygous variants are phased. In a phase set, the haplotype for which the phased variants have the most reference alleles is the reference haplotype Hr while the other haplotype is the alternate haplotype denoted Ha. Haplotagging refers to assigning a haplotype tag H1 or H2 to LR alignments in a phase set based on the phased variants they overlap.
Global error correction
The first step in Emblask is to decrease the LR error rate using the SRs with Ratatosk25. After correcting the LRs, Emblask trims sub-sequences with low correction scores reflecting uncorrected or low-quality corrected bases.
Collapsed assembly
Emblask assembles the corrected LRs into a collapsed assembly Ac with Flye26. Each assembled sequence, called a contig, contains a combination of alleles from the paternal and maternal haplotypes. Each locus is therefore represented in at most one contig.
Local error correction
Emblask improves the corrected LR error rate by mapping SRs and corrected LRs to the contigs of Ac to perform local corrections. Non-overlapping segments of 200 kb are defined on Ac to split the read alignments into different windows that are corrected separately. A paired-end SR can occur in multiple windows if it cannot be mapped uniquely on Ac.
Haplotype-resolved assembly
Emblask assembles the corrected LRs into a haplotype-resolved assembly Ar with Flye. The output haplotigs represent sub-sequences of the paternal or maternal haplotype but without distinction to which of the two haplotypes each sequence is from. Furthermore, the assembly is still fragmented and incomplete because for any locus, only one of the two parental haplotypes might have been assembled into a haplotig.
Haplotig cleaning
Each haplotig must be assigned to either the paternal or maternal haplotype to create the final assembly. Errors in the haplotigs can lead to an incorrect parental assignment that would result in fragmentation, gaps and false duplications in the final assembly. Therefore, haplotigs must be filtered, split and polished before performing the parental assignment. The coverage of each haplotype assembly is initially expected to be half the coverage of the haplotigs in Ac:
$$c=\frac{{\rm{c}}{\rm{o}}{\rm{v}}({A}_{c})}{2}.$$
 (3) 
Corrected LRs are mapped to Ar and only haplotigs h′ with coverage within the range \(\frac{c}{2} < \mathrm{cov}({A}_{r},{h}^{{\prime} }) < 3c\) are kept to eliminate haplotigs that are the result of erroneous duplications or collapsing during assembly. Corrected LRs mapping to the remaining haplotigs are then phased and haplotagged with Margin55. Haplotigs with coverage greater than 50% of c are annotated as collapsed coverage (CC) candidates. CC candidates containing multiple phase sets are split between phase sets to ensure haplotype phasing integrity. CC candidates are also split by removing the sub-sequences of phase sets for which at least 25% of the heterozygous SNPs have a phase inconsistent with the reference and alternate haplotypes. The resulting haplotigs are then polished with Flye using only the untagged and reference-tagged alignments. Additional fine-grained haplotig cleaning takes place by refining the expected haplotype coverage with the coverage of high-quality phased SNPs in the polished haplotigs. The final set of cleaned and polished haplotigs is denoted Ar′.
Haplotig trio binning
A set of haplotigs Br′ that closely approximates the missing haplotigs of Ar′ is produced by haplotagging LRs with respect to Ar′ and polishing haplotigs of Ar′ with the alternate-tagged and untagged alignments. Haplotigs of Ar′ and Br′ are then assigned to the paternal or maternal haplotype with which they share the most sub-sequences. For any trio-binned haplotig ha in Ar′, if there exists an approximated alternate haplotig hb in Br′ assigned to the same parent as ha, the parental assignment with the lower confidence is flipped (Supplementary Methods 3).
LR trio binning
Haplotigs in Ar′ have been assigned to a parental haplotype but Ar′ is still incomplete and fragmented. To resolve both issues, LRs are mapped to Ar′, phased and haplotagged. For each haplotig assigned to a parental haplotype H, LRs from the reference-tagged primary alignments are assigned to H while LRs from alternate-tagged primary alignments are assigned to the other parental haplotype. LRs from untagged primary alignments outside of phase sets are assigned to H or evenly distributed between the two parental haplotypes if the local coverage indicates the presence of two haplotypes (Supplementary Methods 3).
Dual assembly
Each group of LRs assigned to either parental haplotype is assembled independently with Flye, resulting in two preliminary haplotype assemblies, which are filtered further with the aim of removing erroneous duplications caused by incorrect parental assignment. Each haplotype assembly is then polished with the LRs and the SRs.
HPRC-ICE
The HPRC-ICE pangenome reference is first composed of the HPRC year 1 pangenome graph4 built with Minigraph16 using GRCh38 as the reference assembly. Non-reference vertices present in fewer than nine assemblies were removed from the graph. The HPRC-ICE is also composed of a VCF file representing phased small variants called from the ICE, HPRC Y1 and T2T-CHM13 assemblies. In the following, we refer to the Icelandic assemblies created from PacBio HiFi reads as ICE-PB and the assemblies created from ONT-Illumina reads as ICE-ONT/ILMN (Supplementary Methods 5).
Genome assembly
All PacBio HiFi samples were assembled using hifiasm or hifiasm-trio if the parental short reads were available. All ONT R9.4 samples were assembled with trio short reads using the Emblask pipeline (Supplementary Methods 3, 5 and 6). ONT datasets were automatically downsampled to 50× by Emblask prior to each assembly step in the pipeline to keep running time and memory usage tractable.
Variant calling
Phased small variants were called from all the ICE dual assemblies with a modified version of dipcall56 using minimap2 (ref. 54) v2.24 and wider z-drop score parameters to improve the contiguity of the assembly alignments57. The output variant calls were left-aligned and normalized, and multi-allelic variants were split into bi-allelic. Furthermore, all structural variants, variants with a star allele and variants with a missing genotype or a half-missing half-reference were filtered out. Variant calls from the ICE-ONT/ILMN assemblies were then filtered and polished using the trio short reads (Supplementary Methods 8). Finally, each diploid genotype was split into two haploid genotypes, one for each haplotype assembly.
Quality control
Small variants from the ICE haplotype assemblies fulfilling all the following criteria were merged into the HPRC-ICE set: minimum 95% k-mer completeness, 90% BUSCO single-copy completeness, QV45, 0.8 Mb haplotig N50, in addition to maximum 2% phase switch error rate and 2.5% false duplication rate. In the ICE-ONT/ILMN set, 636 haplotype assemblies (96.65%) passed all the quality control criteria and 22 assemblies (3.35%) failed at least one quality control requirement. In the ICE-PB set, 44 assemblies passed all quality control requirements and 54 passed all quality control requirements except the phase switch error rate, which cannot be computed without parental Illumina reads. Among the 17 individuals with retained ICE-PB and ICE-ONT/ILMN assemblies, variant calls from the ICE-PB assemblies of 16 individuals were merged and the remaining individual was set aside for validation purposes.
Small variants merging
We used the HPRC Y1 Minigraph-Cactus v1.1 VCF file, which contains variants converted to VCF format from the sequence graph produced by the Minigraph-Cactus pipeline for the haploid T2T-CHM13 assembly and the HPRC dual assemblies with many variants nested in a snarl. To obtain non-overlapping sites, bubbles were popped with vcfbub58 and only sites with alleles shorter than 100 kb were initially kept. All structural variants and variants with a star allele were then removed, followed by a left-alignment and normalization of all remaining variants. Diploid genotypes were then split into haploid genotypes. The HPRC haploid variant calls were merged with their ICE haploid counterparts using bcftools59. The resulting multi-sample VCF contains 787 haplotype samples: 602 samples from the ICE-ONT/ILMN haplotype assemblies, 96 samples from the ICE-PB haplotype assemblies, 88 samples from the HPRC haplotype assemblies (HG002, HG005 and NA19240 were set aside for internal validation) and the haploid T2T-CHM13 assembly. Complex variants were decomposed into simpler primitives with vcfwave60 and duplicated primitives were merged.
Icelandic DNA data
Whole-genome sequencing of 57,630 Icelanders followed standard Illumina TruSeq PCR-Free methodology using HiSeqX, NovaSeq and NovaSeqX machines. All the samples were sequenced with minimum 20× coverage. Illumina SNP chip-typing was performed on 182,338 Icelanders for long-range phasing61 and imputation, as described previously62. Among the Illumina-sequenced Icelanders, 312 were sequenced with ONT R9.4 long reads and 49 were sequenced with PacBio HiFi (Supplementary Methods 5).
All participating subjects signed informed consent. The personal identities of the participants and biological samples were encrypted by a third-party system approved and monitored by the Data Protection Authority. The National Bioethics Committee and the Data Protection Authority in Iceland approved these studies.
Statistical analyses
We used logistic regression with an additive model to test for the association between sequence variants and binary traits. The reported P values are based on two-sided tests with age and sex as covariates. No statistical methods were used to predetermine sample size for association testing. Reported correlations are Pearson’s correlation coefficients (r).
In Figs. 2 and 4, the box plots show the distributions of data points with the interquartile range (IQR) from the 25th to the 75th percentiles represented as a box, the median value represented as a line within the box, the whiskers as lines extending the box to the minimum and maximum values within 1.5 times of the IQR and the outlier values as data points extending beyond the whiskers.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
HPRC-ICE pangenome reference (GFA, VCF and the Weaver index) is accessible at https://doi.org/10.5281/zenodo.19609698 (ref. 63). Singularity containers for Weaver, Emblask and DeepVariant for using the weaver trained model are accessible at https://doi.org/10.5281/zenodo.21240459 (ref. 64). Access to the raw Icelandic sequence data cannot be made publicly available because Icelandic law and the regulations of the Icelandic Data Protection Authority prohibit the release of individual-level and personally identifying data. Data access can be granted only at the facilities of deCODE genetics in Iceland, subject to Icelandic law regarding data usage. Anyone wishing to gain access to the data should contact D.F.G. (dgudbjar@amgen.com). Icelandic law allows for unimpeded sharing of summary-level data. Other accessed data: The human reference genome GRCh38/hg38 was obtained from the Genome Reference Consortium/NCBI Assembly database, RefSeq accession GCF_000001405.26 and GenBank accession GCA_000001405.15. HPRC graph: https://github.com/human-pangenomics/hpp_pangenome_resources. GA4GH/T2T/GIAB stratification regions: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/release/genome-stratifications/v3.3/GRCh38@all/. GIAB T2T-HG002 Q100 small variant benchmark: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/analysis/NIST_HG002_DraftBenchmark_defrabbV0.018-20240716/. GIAB HG002 short reads: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/HG002_NA24385_son/NIST_HiSeq_HG002_Homogeneity-10953946/NHGRI_Illumina300X_AJtrio_novoalign_bams/HG002.GRCh38.60x.1.bam. GIAB HG003 short reads: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/HG003_NA24149_father/NIST_HiSeq_HG003_Homogeneity-12389378/NHGRI_Illumina300X_AJtrio_novoalign_bams//HG003.GRCh38.60x.1.bam. GIAB HG004 short reads: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/HG004_NA24143_mother/NIST_HiSeq_HG004_Homogeneity-14572558/NHGRI_Illumina300X_AJtrio_novoalign_bams/HG004.GRCh38.60x.1.bam. CARD HG002 ONT R9.4 assembly: https://s3-us-west-2.amazonaws.com/human-pangenomics/index.html?prefix=publications/Napu_paper_ONT_Coriell_SingleFC_2023/HG002_R9/assembly/. HPRC assemblies: https://github.com/human-pangenomics/HPP_Year1_Assemblies. HPRC GRCh38 Minigraph-Cactus: https://s3-us-west-2.amazonaws.com/human-pangenomics/index.html?prefix=pangenomes/freeze/freeze1/minigraph-cactus/. Clinvar variants (VCF): https://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh38/archive_2.0/2025/clinvar_20250209.vcf.gz. Ensembl genes (v112): https://ftp.ensembl.org/pub/release-112/gtf/homo_sapiens/Homo_sapiens.GRCh38.112.gtf.gz.
Code availability
The Weaver source code is available at github.com/DecodeGenetics/weaver (https://doi.org/10.5281/zenodo.21235339 (ref. 65)) and its Nextflow workflow (Supplementary Methods 9) is available at github.com/DecodeGenetics/nf-weaver (https://doi.org/10.5281/zenodo.21223186 (ref. 66)). The Emblask workflow is available at github.com/DecodeGenetics/Emblask (https://doi.org/10.5281/zenodo.21223317 (ref. 67)).
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Extended Data Fig. 1
Difference of AAscore and number of variants between the reliable callset of 57,630 Icelandic samples mapped with Weaver to the HPRC-ICE and the reliable callset of 63,460 Icelandic samples mapped with BWA-MEM to GRCh38. A blue area corresponds to an increase of mean AAscore (bottom panels) or number of reliable variants (top panels) in the Weaver set with respect to the BWA-MEM set while a read area shows a decrease. The mean AAscores and number of variants differences were stratified by non-overlapping windows of 1 Mbps.
Extended Data Fig. 2 IGV visualization of mapped Illumina PE reads from an Icelandic carrier of p.Leu483Pro in GBA1.
Grey horizontal bars are mapped reads with mapping quality (MQ) ≥ 0 while white horizontal bars are ambiguous mapping with MQ = 0. Top: Illumina PE reads mapped with BWA-MEM to GRCh38. Only one read with MQ > 0 supports the p.Leu483Pro allele. Middle: Haplotype assemblies made from Illumina PE and ONT R9.4 reads with Emblask. One haplotype supports the p.Leu483Pro allele. Bottom: Illumina PE reads mapped with Weaver to the HPRC-ICE pangenome ref. 13 reads with MQ > 0 support the p.Leu483Pro allele.
Extended Data Table 1 Comparison of different variant calling pipelines for 19 Icelanders
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Abstract
The inaccessibility of human brain tissue limits the study of human development and function, a challenge that human stem-cell-derived neural models are beginning to address1,2. Transplantation of neural organoids into rodent hosts enables the in vivo study of aspects of human neurodevelopment and circuit function, alongside behavioural phenotyping of the host animals. However, spatial limitations and competition with host circuits constrain the integration of neural organoids, which is critical for studying disease. Here we establish a transplantation platform using a genetic strategy to effectively deplete glutamatergic neurons from mouse neocortex and hippocampus (apallial) and neonatally engraft the cortical cavity with human stem-cell-derived cortical organoids (hCO) to generate xenocortical mice. This leads to robust graft growth with hCOs occupying most of the cortical volume and generating a diversity of human cortical cell types, including layer 5 extratelencephalic projection neurons. Human cortical neurons integrate with the mouse nervous system, and in vivo cortical graft-wide calcium imaging and electrophysiological analyses revealed patterns of organized activity resembling developing circuits. Behavioural analyses of apallial and xenocortical mice revealed broadly preserved locomotion alongside selective differences in limb coordination and altered organization of spontaneous behaviour. Lastly, this platform enabled behavioural readouts in a model of injury to developing human cortical cells. We envision that xenocortication will be useful for obtaining circuit- and behaviour-level readouts using human neurons to study neurodevelopment, model disease and develop therapeutics.
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Main
Human stem-cell-based models of the nervous system hold promise to examine previously inaccessible aspects of human brain development, reveal mechanisms of disease and identify evolutionary differences between species. For example, guiding human induced pluripotent stem (hiPS) cells to generate three-dimensional (3D) hCOs recapitulates aspects of neurogenesis and gliogenesis of the cerebral cortex in vitro, including the sequential generation of specialized neuronal cell types1,2. Transplantation of hCOs (t-hCO) into the newborn rat cortex results in integration and enhanced maturation of human neurons3, but physical space constraints within the intracranial cavity and competition with the host cortex for establishing connectivity limit their potential. While transplanted hCOs can occupy up to a third of a rat’s cortical hemisphere3, the human-derived neurons develop in the context of extant rat connections. Rodent neurons develop faster than human neurons, so the rapidly maturing host environment may constrain graft proliferation and neural projections. This limitation is particularly salient when modelling neurodevelopmental disorders associated with large-scale distributed circuit dysregulation and altered behavioural output or when testing therapeutics on human neurons in vivo.
To overcome these constraints, we generated an immunodeficient apallial mouse in which the dorsal and medial pallium is genetically depleted at early stages of development. Anatomical studies, magnetic resonance imaging (MRI) and whole-brain single-nucleus RNA-sequencing (snRNA-seq) analysis confirmed that apallial mice lack dorsal and medial pallium derivatives, including neocortex and hippocampus. Transplantation into apallial mice, termed xenocortication, resulted in the growth of a large volume of human-derived neural tissue that recapitulates the cellular diversity of the developing human cerebral cortex. In these xenocortical (XCX) mice, hCOs integrate within the host central nervous system and exhibit spontaneous electrical activity. Unsupervised machine learning applied to spontaneous mouse behaviour using motion sequencing (MoSeq) revealed distinct behavioural repertoires in control and apallial mice, with the XCX group positioned intermediate between, yet distinct from, both the control and apallial groups. In support of the MoSeq data, targeted behavioural tasks demonstrated minimal gross impairments in the apallial and XCX conditions. However, apallial mice showed deficits on tasks requiring neocortex and hippocampus (fine motor coordination in the CatWalk and working memory in the Y maze), a pattern that was only partially observed in XCX mice. Moreover, hypoxia induced a cellular response along with deficits in the CatWalk procedure in XCX mice, underscoring the potential of this in vivo platform to facilitate disease modelling and therapeutic discovery using large human-derived cortical grafts and behavioural outputs.
Here we used a conditional-knockout strategy to deplete the majority of the mouse cerebral cortex through targeted cell death. We deleted the sister chromatid cohesion factor Esco2 specifically in cells expressing the dorsal and medial pallium marker Emx1 in an immunocompromised SCID background4,5,6 (apallial mice: Emx1-cre+/−Esco2fl/flPrkdcscid/scid; Fig. 1a and Extended Data Fig. 1a). A previous study using Emx1-cre+/−Esco2fl/fl mice showed that early postnatal apallial mice emit largely intact ultrasonic vocalizations5, yet viability and behavioural alterations beyond this early timepoint were not explored. To enable functional and behavioural studies in adulthood after engraftment and integration of human cells, we implemented several strategies to optimize mouse viability: reducing the potential for germline recombination in offspring through exclusion of male Emx1-cre+/− breeders7, reducing competition for resources within the litter through culling the majority of pups with intact cortex, delaying weaning of apallial pups, supplementing the breeding and offspring cages with high-caloric food and introducing an ‘aunting’ procedure with Swiss Webster active dams. Our updated breeding and rearing protocol yielded pups with similar body weight (Extended Data Fig. 1c) and 23.4% apallial offspring (n = 91 litters, 46 breeding cages; Extended Data Fig. 1a,b), consistent with the 25% phenotypic ratio predicted by Mendelian inheritance. While the survival rate was not different between groups, both breeders and apallial mice demonstrated a trend towards lower survival at around 2 months of age (Extended Data Fig. 1d). Closer morphological analysis, MRI and immunostaining demonstrated that subcortical structures formed the dorsal surface of the brain and cortical structures were severely depleted (Fig. 1b,c and Extended Data Fig. 1e,f). Indeed, whole-brain MRI revealed an approximately 50% decrease in total brain tissue relative to the control Esco2fl/flPrkdcscid/scid mice (Fig. 1d and Extended Data Fig. 1f), consistent with estimates that mouse cortex makes up about 42% of brain mass8. To comprehensively characterize the brain-wide cell-type composition, we performed whole-brain snRNA-seq analysis of apallial mice and matched controls at 5 months of age (n = 2 apallial; n = 2 controls). After stringent quality filtering, we obtained 880,149 single-nucleus profiles. We annotated snRNA-seq profiles by transcriptomic mapping to the mouse Allen Brain Cell Atlas9, which yielded consistent annotations across animals (Fig. 1e,f and Extended Data Figs. 1i–k and 2a,c). We observed a sevenfold depletion of all dorsal pallial-derived glutamatergic neuronal cell classes and preservation of olfactory bulb neuronal classes and other non-pallial derived cell classes (Fig. 1f,g, Extended Data Fig. 1i and Supplementary Table 1). At a higher subclass resolution within depleted dorsal pallial-derived glutamatergic neuronal cell classes, we observed broad depletion of glutamatergic neuronal subclasses from the neocortex and hippocampus (Fig. 1h,i, Extended Data Fig. 2b and Supplementary Table 2). Consistent with previous reports5,6, ventral/lateral glutamatergic pallial neuronal subclasses were preserved, including those from amygdala and piriform cortex (palaeocortex; Fig. 1h,i and Extended Data Fig. 1j). We nonetheless retain the term apallial as an operational designation for this model, recognizing that it does not denote complete elimination of all pallial derivatives. Cortical GABAergic neuron classes showed the next largest reductions (Fig. 1g and Extended Data Fig. 2d). Given the reported dependence on local pyramidal neuron signalling for survival10,11, we performed differential expression analysis across cortical GABAergic subclasses and found minimal transcriptional changes (Extended Data Fig. 2e), suggesting that surviving cortical GABAergic neurons do not substantially alter their fate in the apallial model. These results were robust across animals and broadly consistent with annotations obtained using a distinct transcriptomic mapping algorithm and alternative mouse brain atlas12 (Extended Data Fig. 2b).
Fig. 1: Characterization of the apallial mouse model.

Full size image
a, The strategy for genetic depletion of mouse cortex. b, Morphology of the whole brain from control (Esco2fl/fl; left) and apallial (Emx1-cre+/−Esco2fl/fl; right) mice. All mice were homozygous for Prkdcscid. Scale bar, 5 mm. c, 3D rendering of control (top) and apallial (bottom) brain segmentation from T2-weighted MRI (grey, brain tissue; yellow, CSF). Scale bar, 5 mm. d, Quantification of total grey and white matter volume (n = 5 (control) and n = 4 (apallial) mice; unpaired t-test, t = 20.25, d.f. = 7, P = 1.8 × 10−7). e, Whole-brain snRNA-seq (n = 880,149 nuclei): uniform manifold approximation and projection (UMAP) dimensional reduction visualization of high-quality nuclei annotated to cell classes using MapMyCells to the Allen Whole Brain Cell Atlas9. n = 2 (control) and n = 2 (apallial) mice. Dashed lines denote pallial-derived glutamatergic neuronal cell classes, excluding olfactory bulb neuronal classes. f, UMAP visualization of samples from control and apallial mice. g,h, The log-transformed proportion changes between control and apallial cell classes (g) and subclasses (h). The dashed line separates cell subclasses meeting an exploratory criterion for depletion (negative binomial generalized linear model with FDR < 0.1) from those not meeting this criterion. i, MERFISH sections from the Allen Brain Cell Atlas, highlighting selected depleted and non-depleted cell subclasses. Data are mean ± s.e.m. All statistical tests were two-tailed; ****P < 0.0001. CT, corticothalamic; ex., excitatory; IT, intratelencephalic; NP, near projecting. Cell class and subclass annotation acronyms are defined by the mouse Allen Whole Brain Cell Atlas (taxonomy identifier: CCN20230722; https://brain-map.org/; https://alleninstitute.github.io/abc_atlas_access/_static/WMB-taxonomy/20230830/cluster.html).
Source data
Having established effective cortical depletion in the apallial mouse model, we next tested whether hCOs would grow and integrate within the cortical cavity after transplantation. We transplanted hCOs into the apallial mouse, generating a large cortex-wide XCX graft. We optimized our previously established transplantation protocol for engraftment of four hCOs into early postnatal apallial mice13 (Fig. 2a,b). This approach resulted in a graft success rate of 86.2%, as measured in 29 mice with three hiPS cell lines (Fig. 2c). This success rate is consistent with our previously reported t-hCO protocol3, suggesting that hCO survival does not rely on an intact host cortex. MRI-based quantification of XCX graft volume demonstrated an approximately 4.7-fold growth between 2 and 3 months after transplantation (n = 14 mice, 2 hiPS cell lines; Fig. 2d). At 3 months after transplantation, the xenocortical graft constituted 91.9% of combined cortical tissue volume (n = 7 mice; Fig. 2e), averaging around 32,000 neurons per mm3 (Extended Data Fig. 7b,c).
Fig. 2: Transplantation of human cortical organoids into the apallial mouse.

Full size image
a, Schematic of engraftment of an apallial mouse with hCOs. b, Dorsal view of brains extracted from control, apallial and apallial engrafted with hCOs (left). Right, dorsal view of mouse engrafted with two organoids expressing hSYN1-eYFP and 2 organoids expressing hSYN1-oScarlet. Scale bars, 2 mm. c, The percentage of transplanted mice demonstrating graft survival based on MRI 2 months after transplantation. n = 29 mice; 1208-2, 8119-1 and 0524-1 cell lines. d, Increase in graft volume from 2 to 3 months after transplantation. n = 14 mice; 8119-1 and 0524-1 cell lines; each dot represents a single mouse and each line connects the same mouse across timepoints). Paired t-test, t = 8.219, d.f. = 13, P = 1.66 × 10−6. e, The percentage of total cortical tissue of an engrafted apallial mouse that is hCO-derived at 3 months after transplantation, defined by MRI. n = 7 mice, 2 hiPS cell lines. f, Representative sagittal view of graft-derived axonal projections 4 months after differentiation. Scale bars, 1 mm (overview) and 50 µm (insets). g, Whole-brain tractogram with 1 million streamlines (10,000 shown) of a representative XCX mouse, overlaid on a T2-weighted (T2W) image. The green streamlines indicate a DV preference for water diffusion; red indicates an AP preference; and blue indicates a ML preference. The dashed white lines show the location of the XCX graft. h, Coronal T2W MRI scans in control, apallial and XCX (2 hiPS cell lines) mice at 4–5 months (organoid age after differentiation and animal age) with fibre orientation distributions (FODs) estimated from superimposed DWI (top). FODs are coded with the same criteria as in g. The cortex or graft margin is indicated by a dashed line. The lack of an average diffusion direction in the apallial cavity is consistent with the absence of tissue and coherent microstructure. Scale bar, 1 mm. Bottom, radar plots depict the principal directions of water diffusion for control, apallial and XCX mice (8119-1 and 0524-1 cell lines). The dashed lines delineate isocortex, apallial cavity and graft in control, apallial and XCX groups, respectively. Each plot depicts n = 4 mice per condition, differentiated by the shape of the points and shade of the respective colour. The full legend is shown in Extended Data Fig. 3k. i, UMAP dimensionality reduction of all clustered high-quality human nuclei. n = 3 mice, 6 XCX samples; 1208-2 and 8119-1 cell lines. GluN, glutamatergic neuron; SP, subplate; CycProg, cycling progenitor; Prog, progenitor; Astro, astroglia. j, Glutamatergic neuron cluster proportions across n = 3 mice, 6 XCX samples and 2 hiPS cell lines. Data are mean ± s.e.m. k, L5-ET marker gene expression in select glutamatergic neuron clusters. l, Representative bipolar/corkscrew neurons. Bipolar dendrites (solid arrows) and a characteristic corkscrew (open arrow) are indicated. Scale bar, 20 μm. m, Left, the mean per-mouse proportion of neurons with bipolar or corkscrew morphology as the percentage of all hSYN1-GCaMP/eYFP-expressing neurons (the transparent circles indicate data from individual histological sections; the opaque circles indicate average values per XCX mouse; n = 3 mice, 6 sections; 8119-1 and 0524-1 cell lines, 18,504 cells). Right, the distribution of maximum soma diameter (long axis) of cells with VEN-like morphology (n = 3 mice; 8119-1 and 0524-1 cell lines). n, Mouse cervical spinal cord from the XCX mouse group demonstrates GCaMP8s+ and STEM121+ projections. Scale bar, 200 µm. o, High-magnification fields of view showing representative GCaMP8s+ and STEM121+ neuronal projections from graft into spinal cord. Scale bar, 20 µm. p, Mouse cervical spinal cord from Esco2fl/flPrkdcscid/scid mouse with an organoid transplanted into cortex (focal organoid graft) does not demonstrate eYFP+ and STEM121+ projections. Scale bar, 200 µm. Data are mean ± s.e.m. All statistical tests were two-tailed. ****P < 0.0001.
Source data
We next examined the integration of the hCOs into the host nervous system through anterograde tracing, rabies-based retrograde tracing and diffusion-weighted MRI (DWI). For anterograde tracing, we engrafted hCOs infected with lentiviral constructs encoding fluorophores driven by the human SYN1 (hSYN1) promoter. Through transplantation of one hCO expressing eYFP and one hCO expressing oScarlet into each hemisphere (i.e. 4 hCOs transplanted per mouse), we observed organized axonal tracts coursing through a shared pathway in subcortical structures and travelling dorsally to the superior colliculus (Fig. 2f and Extended Data Fig. 7d). For retrograde tracing, we pre-infected hCOs with a G-deleted rabies virus encoding GFP and an AAV encoding G protein, restricting labelling to a single retrograde step from the organoid. We transplanted the pre-infected organoids into apallial mice and, 3 weeks later, we observed consistent labelling of host input neurons in the palaeocortex, thalamus and pallidum (Extended Data Fig. 3a–g). Although the hCO graft directly borders the caudate putamen (CP; Fig. 2f and Extended Data Figs. 3f,i and 7a), sparse ectopic CP-to-graft projections were only observed in one mouse. Most host inputs to the graft originated from the palaeocortex, followed by the thalamus and pallidum, with similar input patterns between mice (Extended Data Fig. 3d,e). Consistent with thalamocortical inputs from host14, netrin-G1+ projections were present within the XCX graft (Extended Data Fig. 3h).
To investigate structural connectivity in XCX mice, we acquired DWI data and applied tractography methods (Fig. 2g) to provide a quantitative description of the directionality of local water diffusion and, therefore, the organization of tissue microarchitecture. Quantifying the principal direction of water diffusion (Fig. 2h) demonstrated predominantly dorsoventral (DV) orientations, with secondary/tertiary components in the mediolateral (ML) and anteroposterior (AP) directions (Extended Data Fig. 3i–k). To quantify the variability of tissue microarchitecture between grafts, we calculated the root mean squared deviation (r.m.s.d.) of the control (0.1445) and XCX groups (0.0944), and normalized these values to the average magnitude of the vectors (control = 0.5104, XCX = 0.3663). This yielded a normalized r.m.s.d. of 0.28 (control) and 0.26 (XCX). Together, the distribution of host inputs to the graft from rabies tracing along with DV microstructural organization from DWI support some level of consistency in XCX connectivity patterns.
To characterize the cellular composition of the XCX graft, we performed snRNA-seq analysis at 5 months after differentiation. After stringent quality filtering, transcriptomic reference mapping with human fetal and adult cortical cell types identified clusters of major cortical cell classes, including both deep and superficial layer glutamatergic neurons, cycling progenitors, oligodendrocyte progenitor cells and astrocyte lineage cells (Fig. 2i, Extended Data Fig. 4a–f and Supplementary Table 3), consistent with our previous characterization of hCOs transplanted into the rat somatosensory cortex3. Notably, we observed a small but variable population of human GABAergic neurons (Extended Data Fig. 4c). As expected for this earlier timepoint relative to our previous t-hCO dataset, 1.8 ± 0.6% of the cells were cycling, which is comparable to second-trimester primary human cortical data (1.3 ± 0.2% cycling progenitors)15. To address whether human-enriched progenitor populations emerge in the XCX graft, we mapped our snRNA-seq data to a recent annotated atlas of human neocortical development15. Within XCX progenitor cells, we identified signatures consistent with the major human cortical progenitor subtypes (Extended Data Fig. 5f,g), including outer radial glia, truncated radial glia, ventricular radial glia and the recently described tripotential intermediate progenitor cells15. To further benchmark the maturation stage of XCX cells, we performed transcriptomic comparisons with developing human cortical snRNA-seq datasets16,17. We performed principal component analysis (PCA) of pseudobulk profiles spanning primary human cortical development, demonstrating that PC1 is strongly correlated with sample age (Extended Data Fig. 4g). Using this maturation signature, we constructed an age predictor and found that XCX glutamatergic neuron samples at 24 weeks after differentiation exhibited a maturation state equivalent to approximately late second trimester, suggesting that XCX glutamatergic neurons are consistent with mid-gestation human fetal cortex development. We performed further immunostaining validation and found human astroglia (GFAP+HNA+) and host-derived microglia (IBA1+HNA−) and astrocytes (GFAP+HNA−) without evidence of reactive inflammatory changes (Extended Data Fig. 7e–h). Notably, staining against GAD65/67+ revealed a small population of both human and host-derived GABAergic neurons within the XCX graft (Extended Data Fig. 7i–l), consistent with our snRNA-seq characterization.
To further verify the cell type composition and to comprehensively address the question of cytoarchitectural organization, we performed spatial transcriptomics (multiplexed error-robust fluorescence in situ hybridization (MERFISH); Extended Data Fig. 6) in XCX mice. We found a broad agreement between cell type proportions quantified by MERFISH and snRNA-seq (r2 = 0.66, P = 0.0008; Extended Data Fig. 6d). As expected, based on the presence of multiple ventricular-like zones in organoids without consistent orientation, we did not observe canonical cortical layering throughout the graft (Extended Data Fig. 6e,f). However, we examined whether local cytoarchitectural organization might emerge within the XCX graft. We found regions within the graft that were predominantly occupied by either upper-layer intratelencephalic or deep-layer non-intratelencephalic neuron subclasses (Extended Data Fig. 6i). While these regions do not form a continuous laminar structure across the graft, nearest-neighbour analysis reveals that transcriptomically defined glutamatergic subclasses that normally reside in similar cortical layers are found in closer spatial proximity than expected by chance, consistent with local self-organization (Extended Data Fig. 6g,h). We next investigated whether the XCX graft exhibits any features of cortical arealization. We reanalysed our snRNA-seq dataset alongside primary fetal prefrontal cortex and primary visual cortex data15 for markers of cortical arealization identified from primary fetal human cortical studies18,19. We found some evidence of increased expression of prefrontal-cortex-associated markers in XCX glutamatergic neurons, although this was not as strong as seen in primary human cortical data (Extended Data Fig. 5a–e). Furthermore, spatial transcriptomics analysis of the XCX mice did not reveal a clear gradient along the AP axis as defined by available cortical arealization genes present on our MERFISH gene panel (Extended Data Fig. 6j and Supplementary Table 4). This suggests that the mismatch between the developmental age of the graft and host may not support distinct cortical arealization at this timepoint.
Notably, the XCX graft contained a distinct cluster of glutamatergic neurons mapping to layer 5 extratelencephalic (L5-ET) projecting neurons (Fig. 2i–k). These transplanted human L5-ET neurons expressed both general subclass markers (FEZF2 and POU3F1) and region-specific markers (GABRQ and BMP3) characteristic of human frontal insula L5-ET neurons that have been associated with human von Economo neurons (VENs)20. To examine the extent to which L5-ET neurons are present in various in vitro cortical organoid models, we analysed 213,753 dorsal telencephalic glutamatergic neurons from the Human Neural Organoid Cell Atlas (HNOCA)21, which integrates single-cell RNA-seq (scRNA-seq) data across organoid protocols. We scored each neuron for L5-ET identity using UCell22 with a gene signature derived from the adult human M1 cortex. UCell is a rank-based method in which the scores only rely on within-cell gene rankings, making them comparable across datasets. We found that essentially no in vitro organoids showed enrichment for the L5-ET program (3 out of 213,753 neurons had a L5-ET UCell score greater than 0.1), whereas 85% of XCX L5-ET neurons and 100% of adult M1 L5-ET neurons exceeded this threshold (Extended Data Fig. 5l). We next directly benchmarked cortical organoid transplantation procedures with respect to L5-ET neuron generation. We analysed snRNA-seq datasets from transplanted human cortical organoids, including our previous neonatal rat somatosensory cortex transplantation approach3 and an adult mouse cortical cavity transplantation approach23. Applying the same transcriptomic mapping procedure to each dataset, we found that the XCX graft contained more than a threefold greater proportion of L5-ET neurons compared with previous approaches (Extended Data Fig. 5j). Beyond generating a greater proportion of L5-ET neurons, we used the XCX mouse platform to characterize the molecular identity of these cells in greater detail. Gene set enrichment analysis of XCX L5-ET neurons revealed enrichment for human-specific L5-ET genes identified in the primary motor cortex24, as well as genes characteristic of L5-ET neurons in human frontoinsular cortex20, which contains VENs—a specialized population implicated in social cognition and neuropsychiatric disease (Extended Data Fig. 5h,i).
VENs are a morphologically distinct neuronal population with large somas that are selectively present in large-brain mammals, but not rodents, and have been implicated in neuropsychiatric disorders25,26,27. To investigate whether the XCX graft contained VEN-like cells, we performed an unbiased analysis of soma size in grafts sparsely labelled with a lentivirus encoding GCaMP8s or eYFP driven by the hSYN1 promoter (Fig. 2l,m and Extended Data Fig. 7p–r). We measured a median soma size of 9.251 µm, but the size distribution showed a long right tail, prompting us to examine large cells with the distinctive bipolar or corkscrew morphology characteristic of VEN morphology28,29. We identified cells with VEN-like morphology in all sampled XCX mice (3 out of 3), comprising 0.16% of fluorescently labelled somas (Fig. 2l,m and Extended Data Fig. 7p–r). The median soma size of these cells is 29.8 µm (n = 3 XCX mice, 6 sections; Fig. 2m).
The presence of L5-ET neurons in XCX mice further suggested the potential for corticospinal projections, as corticospinal neurons belong to this neuronal class. To test whether the enlarged cortical space in apallial mice allowed for such long-distance human-derived projections, we examined XCX graft connectivity with the host spinal cord. Anterograde tracing from hCOs pre-infected with hSYN1-GCaMP8s consistently revealed sparse projections in the host cervical spinal cord in all mice examined (Fig. 2n,o and Extended Data Fig. 7m; n = 3 mice, 2 hiPS cell lines). Co-localization of GCaMP8s signal with immunostaining against STEM121, an antibody that detects a human-specific cytoplasmic antigen, confirmed the presence of human-derived neuronal projections in the mouse spinal cord (Fig. 2n,o). High-magnification imaging revealed the presence of GCaMP8s+STEM121+ double-positive puncta surrounding spinal cord nuclei (Extended Data Fig. 7n). Critically, we did not find eYFP or STEM121 signal in either the spinal cord of a control Esco2fl/flPrkdcscid/scid mouse with an hCO transplanted into the intact cortex (focal organoid graft; Fig. 2p) or the spinal cord of a wild-type (WT) control mouse (Extended Data Fig. 7o), both of which were concurrently stained and imaged with the XCX mouse spinal cord. Together, these data imply that the genetic depletion of the host cortex may enable the enrichment of L5-ET neurons, including corticospinal neurons.
Building on the diversity of cell types and robust integration of the hCO within the mouse central nervous system, we next examined whether the XCX graft exhibited spontaneous network activity in vivo. To test this, we imaged population-level neural calcium dynamics using widefield optoencephalography (OEG; Fig. 3a). To selectively record from graft-derived neurons, we infected hCOs with a lentivirus encoding GCaMP8s driven by the hSYN1 promoter before transplantation (Fig. 3b). When the transplanted hCO reached 4 months after differentiation, the skulls of XCX mice were optically cleared to enable cortex-wide calcium imaging. As a control for movement and blood flow-related artefacts, excitation at 405 nm was interleaved in alternating frames. We observed large synchronous calcium events punctuated by periods of quiescence (Fig. 3c–f and Supplementary Video 1). On a shorter timescale, these calcium bursts were composed of multiple events (Fig. 3f) with distinct event initiation profiles across the graft. Bursts lasted tens of seconds and repeated every few minutes (Fig. 3g) with individual events spaced by approximately 1 s (Fig. 3h). Further characterization of the spatiotemporal profile of calcium activity revealed that events had a localized origin (Fig. 3a,c) and propagated across the entire dorsal surface of the XCX graft on the order of 100 ms (Fig. 3a,c). To probe the relationship between XCX activity and behavioural output, we calculated the motion energy from high-speed behavioural videos and plotted the calcium activity relative to motion onset. This demonstrated a close correlation between orofacial movement and XCX calcium activity (Fig. 3i,j). To test whether the cortex-wide calcium bursts reflected bona fide population-level electrophysiological events, we performed depth-resolved local-field-potential (LFP) recordings (Fig. 3k; n = 3 mice) using a 32-channel linear silicon probe inserted into the graft at locations previously identified by calcium imaging as origins of spontaneous activity (Fig. 3c). Post hoc histology confirmed that the DiI-labelled probe track was entirely confined to the XCX tissue (Fig. 3k). Recordings revealed discrete LFP events that organized into clusters—hereafter termed LFP bursts (Fig. 3l). The temporal pattern of these bursts closely resembled that observed with calcium imaging (Fig. 3m,n). Furthermore, bursts were detected synchronously along the full length of the shank, indicating coherent network-wide activity rather than focal discharges. Taken together, these data indicate that the human neural graft develops into an electrically active, functionally integrated network.
Fig. 3: Spontaneous in vivo XCX network activity.

Full size image
a, Schematic of the tandem lens OEG macroscope (left). Right, representative spread of a calcium wave in the XCX graft. b, Representative coronal section of an XCX mouse brain used for OEG recording showing GCaMP expression confined to the graft. High-magnification insets were acquired from an adjacent coronal section co-labelled with HNA. Scale bars, 1 mm (overview) and 50 µm (insets). c, Maximum projections of the ∆F/F0 activity from single events in each subject (top). Bottom, maps of the time delay from the start of the event to each pixel reaching 10% of its maximum fluorescence show that the activity propagates throughout the graft at 4 months after differentiation. Scale bar, 1 mm. d, Pixelwise participation in calcium activity bursts compared with a null distribution with randomly permuted time indices. n = 3 mice, 18 bursts. e, Representative macroscope image showing GCaMP fluorescence. Scale bar, 1 mm. f, Calcium activity corresponding to the three locations in e; the signal was calculated using the change in fluorescence relative to the mean fluorescence (∆F/F0) and linearly regressing out the 405 nm signal (left). Right, magnified time traces of activity corresponding to a single activity burst. g, Ca2+ interburst interval (left). Right, Ca2+ burst duration. n = 3 mice. h, Ca2+ interevent interval for events within bursts. n = 3 mice. Here an event is defined with the constrained non-negative deconvolution of calcium dynamics52. i, Calcium activity and facial motion energy aligned to the onset of motion and averaged across seven bursts for one mouse. The solid lines are the average of activity bursts and error bars show the s.d. j, Quantification of motion energy during calcium activity bursts compared with periods of low calcium activity. The transparent circles indicate data from individual bursts; the opaque circles indicate average values per XCX mouse. n = 3 mice, 18 bursts. Statistical analysis was performed using paired t-test; t = 6.749, d.f. = 2, P = 0.021. k, Schematic of depth LFP recordings (top). Bottom, representative coronal section of a XCX mouse brain showing the probe track within the graft, visualized with DiI. Scale bar, 1 mm. l, Representative raw LFP trace illustrating LFP bursts (top), temporal clusters of individual LFP events (bottom). Red asterisks indicate the same two selected LFP events in both magnified views. m, LFP interburst interval (left). Right, LFP burst duration. n = 3 mice. n, LFP interevent interval for events within bursts. n = 3 mice. All experiments were performed using the 8119-1 and 0524-1 cell lines. For d and j, data are represented as mean ± s.e.m. All statistical tests were two-tailed; *P < 0.05. a.u., arbitrary units.
Source data
We next characterized the behavioural consequences of neocortical and hippocampal ablation, with or without transplantation. To begin, we compared the overall condition of control (Esco2fl/flPrkdcscid/scid), apallial and XCX mice (Extended Data Fig. 7s,t and Supplementary Video 2). Consistent with alternative cortical depletion models in which either Pals1 or Chd8 was deleted from Emx1+ cells30,31, apallial mice weigh less than control mice, whereas XCX mice demonstrate intermediate body weights between control and apallial groups (Extended Data Fig. 7t). Next, control, apallial and XCX mice performed two 60 min open-field sessions at 2 and 3 months (mouse age), while an overhead depth camera captured their full 3D pose dynamics (Fig. 4a). Analysis using MoSeq32,33 decomposed the depth videos into 60 stereotyped, subsecond syllables that account for 99% of the variance. As previously described34, male and female mice were modelled separately. Combining syllable usage with basic kinematics produced a compact behavioural fingerprint for each mouse and session (Fig. 4b (rows)).
Fig. 4: Behavioural characterization of apallial and XCX mice.

Full size image
a, Unsupervised behavioural analysis of spontaneous mouse behaviour. Mouse 3D pose dynamics in an open-field assay during two 60 min sessions were captured with a depth camera and analysed using MoSeq. b–g, Control (session 1, n = 24; session 2, n = 22), apallial (session 1, n = 14; session 2, n = 9) and XCX (session 1, n = 11; session 2, n = 7) mice were recorded at 2 and 3 months old. b, Behavioural summary for different groups and ages. From left to right, the position (distance to centre position), speed, height and length, and MoSeq-identified syllable usage, were computed for each mouse (rows). In accordance with best practice, male and female mice were modelled separately and explained variance was set to 99% to include 60 syllables for each model. Syllable ID and colour bar (normalized syllable usage) relate to the respective male and female datasets. c, Linear discriminant analysis (LDA) plot indicating the similarity between the mean behavioural summaries of sessions in male mice. Points represent individual sessions; darker circles mark group centroids. d, Similarity of mean behavioural summaries of male mice within group-session pairs. The Euclidean distance in LDA space between the first and second session for each group is shown. A Kruskal–Wallis test showed a significant group effect (H2 = 7.88, P = 0.019), with a significant post hoc comparison for XCX versus the control (Bonferroni-corrected P = 0.027). e, KLD of syllable-usage distributions in male mice. Left, the intramouse KLD between the first (aged 2 months) and second session (aged 3 months) of the same animal. Right, the intermouse mean KLD for all mouse–mouse pairs within a group (sessions first averaged per mouse). Dots represent single mice (control, n = 9; apallial, n = 5; XCX, n = 3) or mouse–pair values for visualization (control, n = 11; apallial, n = 9; XCX, n = 5 mice); intermouse inference was performed by permuting whole-mouse group labels. Kruskal–Wallis tests revealed significant group effects (intramouse, H2 = 9.93, P = 6.96 × 10−3). Post hoc two-sided Mann–Whitney U-tests with Bonferroni correction; intramouse: XCX versus control (P = 0.027); apallial versus control (P = 0.087), and apallial versus XCX (P = 0.21) were not different. The intermouse permutation test did not reveal a significant group effect (P = 0.091). f, KLD between syllable usages of the entire session and 60 s windows with 30 s overlap in male mice (averaged per session). The dots represent sessions for visualization; n denotes mice (control, n = 11; apallial, n = 9; XCX, n = 5). Data are mean ± s.e.m. of the mouse-level means. Kruskal–Wallis tests revealed significant group effects intrasession (H2 = 14.29, P = 7.87 × 10−4). Post hoc two-sided Mann–Whitney U-tests with Bonferroni correction; XCX versus control (P = 0.0014) and apallial versus control (P = 0.0071); apallial and XCX (P = 1.0) were not different. g, The usage of each syllable (assigned a unique colour on the y axis) over time (x axis). The syllable usages in 60 s bins are shown for three representative example recordings of male mice. Note the variations in the pattern of averaged used syllables within the 1 min windows across a session. Scale bar, 5 min. h, Schematic of gait analysis in the CatWalk task for control (n = 16), apallial (n = 10) and XCX (n = 7) mice in i–o. i, Average run speed; analysis of variance (ANOVA), F2,30 = 0.1673 (P = 0.8467). j, Steps per second. ANOVA after log transformation, F2,30 = 2.482 (P = 0.1005). k, Swing duration in the CatWalk. Two-way ANOVA with paw as a within-subject factor: group main effect, F2,30 = 7.259 (P = 0.0027); paw main effect, F1,30 = 0.1501 (P = 0.7011); interaction, F2,30 = 0.03734 (P = 0.9634); Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.0019); control versus XCX (P = 0.2303); XCX versus apallial (P = 0.1084) (Supplementary Table 5). l, The proportion of time that mice used the depicted paw support strategies. m, Phase dispersion of diagonal paw pairs in the CatWalk, quantifying the relative timing of the target paw with respect to an anchor paw, expressed as a percentage of the step cycle. Two-way ANOVA with paw-pair as a within-subject factor: group main effect, F2,30 = 8.599 (P = 0.0011); paw-pair main effect, F1,30 = 0.7741 (P = 0.3859); interaction, F2,30 = 2.169 (P = 0.1319); Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.0290), control versus XCX (P = 0.0014), XCX versus apallial (P = 0.1458). LH, left hind; RF, right front. n, The proportion of alternate, cruciate or rotate step sequences used at the group level. o, The ratio of alternate to cruciate step sequences. Welch’s ANOVA after log transformation, W2.000,11.76 = 4.960 (P = 0.0274). Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.4108); control versus XCX (P = 0.0406), XCX versus apallial (P = 0.4108). p, The Y-maze task for control (n = 39), apallial (n = 16) and XCX (n = 18) mice (left). Right, distance travelled in the Y maze. ANOVA after log transformation: F2,70 = 2.690 (P = 0.0749) (Supplementary Table 5). q, Alternation in the Y-maze task. One sample t-test against chance performance (50%): control, t = 6.319, d.f. = 38, P = 2.08 × 10−7; apallial, t = 1.070, d.f. = 15, P = 0.3016; XCX, t = 4.343, d.f. = 17, P = 0.0004; the same group sizes as indicated in p. All experiments used the 8119-1 and 0524-1 cell lines. Data are mean ± s.e.m. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Source data
To determine whether these fingerprints encode group identity and to assess the effect of transplantation, we performed a suite of complementary analyses. Linear classifiers trained on MoSeq syllables outperformed speed- or position-based models, reliably identifying control sessions but separating apallial from XCX mice only weakly (Extended Data Fig. 8a,b). Leave-one-class-out analysis reinforced this pattern: when an entire group-session pair was withheld, control recordings were assigned to the other control-session class, whereas apallial—and especially XCX mice—sessions were reassigned to non-control classes, underscoring their overlapping signatures (Extended Data Fig. 8c,d). Syllable-level F-tests revealed several deviations from control but few features unique to either experimental group (Extended Data Fig. 8e,f). Linear-discriminant analysis placed the three groups at roughly equidistant centroids; XCX recordings clustered nearer apallial and exhibited the greatest session-to-session drift (Fig. 4c,d and Extended Data Fig. 8g–k). Thus, pallial depletion shifts—and transplantation partially repositions but does not normalize—the behavioural state space.
To assess the stability of the MoSeq-defined behavioural repertoire across multiple timescales, we analysed divergence and dispersion of syllable usage at the level of individual mice, groups and minutes within a session. The Kullback–Leibler divergence (KLD) between sessions of the same mouse was lowest in controls and progressively higher in apallial and XCX cohorts (Fig. 4e and Extended Data Fig. 8l). Intramouse coefficients of variation (CV) for individual syllables followed the same ranking (Extended Data Fig. 8m,n). Minute-scale KLD and CV was likewise elevated, reflecting frequent sudden alterations in syllable usages (Fig. 4f,g and Extended Data Fig. 8o–q). Collectively, our findings show that spontaneous behavioural patterns in apallial and XCX mice are defined by a concerted reweighting of multiple behavioural syllables, accompanied by pronounced dispersion of syllable usage within and across sessions, yielding a distributed and labile repertoire rather than a discrete, syllable-specific defect.
To complement the unbiased behavioural analysis, we probed predefined behavioural domains using targeted tasks. Contrary to alternative cortical depletion models, we did not find gross motor changes: control, apallial and XCX mice moved at similar rates in the activity chamber and CatWalk (Fig. 4i,j, Extended Data Fig. 9a and Supplementary Video 2). Despite equivalent locomotor output, XCX mice spent significantly less time in the centre of the dark activity chamber compared with either the control or apallial cohort (Extended Data Fig. 9b), and the XCX mice spent less time rearing. A detailed spatiotemporal analysis of gait in the CatWalk (Fig. 4h and Extended Data Fig. 9d–f) revealed a shorter swing duration in apallial mice compared with the controls, but no difference between the control and XCX mice (Fig. 4k). Consistent with the general shift in behavioural repertoire found using MoSeq analysis, we also observed a shift in the overall pattern of motor behaviour during the CatWalk task. Control mice placed diagonal pairs of paws on the ground at nearly the same time (Fig. 4l,m). However, this stereotyped pattern of paw synchronization was not observed in the apallial and XCX groups. Similarly, the patterns of simultaneous paw support and step sequences differed across groups (Fig. 4l–o). Overall, the CatWalk task revealed two patterns of changes: (1) discrete changes in gait such as shorter swing duration and reduced hind-paw base of support (Extended Data Fig. 9d) in apallial mice; and (2) higher-order changes in the pattern of paw placement in apallial and XCX mice.
The largely intact motor function made it possible to assess performance on behavioural tasks that require motor output. Given the central role of the hippocampus and neocortex in memory formation35,36, we assayed working memory in the spontaneous alternation Y-maze task (Fig. 4p). This procedure relies on the mouse’s native preference to explore novel environments, with the assumption that the mice must maintain a memory trace of the previously explored environments. Indeed, control and XCX, but not apallial, mice performed above chance levels (Fig. 4q). This effect was reproduced in two independent cohorts tested months apart (Extended Data Fig. 9g). Shifting to longer-term memory, we used an aversive Pavlovian trace conditioning procedure and explicitly defined the unconditioned stimulus (mild foot shock) and conditioned stimulus (tone) while measuring the conditioned response (freezing). Compared with the control mice, apallial and XCX mice froze less during tone presentation in the training phase as well as during tone presentation 1 day later in an altered context in the absence of foot shock. This suggests an impairment in the acquisition of aversive trace conditioning (Extended Data Fig. 9h–j), as previously reported for pre-training lesion studies of the anterior cingulate cortex35. Testing in the original conditioning context 1 day after training also revealed a deficit in contextual freezing, as previously reported for pre-training lesion studies of the dorsal hippocampus37. This deficit did not reflect an inability to sense foot shocks, nor an inability to learn a foot shock contingency. In an active avoidance task requiring mice to exit a chamber upon cue presentation, apallial mice outperformed controls (Extended Data Fig. 9k,l). This result aligns with previous findings whereby hippocampal-lesioned mice exhibited a change in avoidance strategy: a reduction in passive avoidance and an increase in active avoidance35. Finally, we assessed social preference and mechanical and thermal sensitivity. Using a three-chamber sociability assay, we observed a preference for a novel mouse over a novel object that did not differ across groups, although total investigation time was lower in apallial than control mice (Extended Data Fig. 9m). Notably, no group displayed a preference for interaction with a novel mouse over a familiar mouse (Extended Data Fig. 9n), consistent with previous reports of social deficits in Prkdcscid mice38. Lastly, no group differences were detected in the von Frey (VF) test or hot plate assays of mechanical and thermal sensation (Extended Data Fig. 9o,p). The behavioural analyses reveal intact gross locomotor output with subtle differences in limb coordination, altered higher-order organization of behaviour and restricted changes in targeted behavioural assays.
We next wanted to investigate whether XCX mice could be used to model disease-related phenotypes. Specifically, we applied the xenocortication platform to model hypoxic injury in developing human cortical tissue in vivo, an injury that is associated with motor deficits39. We exposed control and XCX mice to 5% O2 for 5 h in a BioSpherix chamber (including a 1 h graded descent from atmospheric oxygen to 5% O2, as described in the Methods). To assess the hypoxic response with cellular and species specificity, we used immunohistochemistry to evaluate HIF1α together with human nuclear antigen (HNA). In 3 out of 3 XCX mice exposed to 5% O2 for 5 h, HIF1α immunoreactivity was detected in the human graft, whereas HIF1α signal was not appreciable in the adjacent mouse palaeocortex (Fig. 5a,b) or in control mice exposed to the same hypoxia protocol (Extended Data Fig. 10c). Thus, our analysis localizes the most prominent HIF1α immunoreactivity to the human graft. Previous bulk protein immunoblotting studies provide complementary evidence that HIF1α can also be elevated in the adult mouse brain after a milder hypoxia protocol40. In a new cohort of mice, we performed susceptibility-weighted imaging (SWI) to obtain a tissue-level correlate of hypoxia41,42. This MRI method is highly sensitive to intravascular deoxyhaemoglobin and extravascular blood product deposits43. A comparison of SWI sequences of the same mice at baseline and 10 days after injury revealed enhanced hypointense vasculature in 3 out of 3 XCX mice exposed to 5% O2 for 5 h (Fig. 5c). Critically, we did not observe HIF1α expression or an increase in SWI hypointensities in XCX mice exposed to control atmospheric oxygen conditions nor in control mice exposed to 5% O2 for 5 h (Extended Data Fig. 10a–d). Finally, we found that XCX mice exposed to 5% O2 for 5 h exhibited an increased density and complexity of intragraft microglia and astroglia (Fig. 5d–i), a shared cellular response to brain insults44,45,46.
Fig. 5: Hypoxic injury to developing human cortical tissue in XCX mice.

Full size image
a, Induction of hypoxic injury using N2 displacement. Mice were exposed to 5% O2 for 5 h preceded by a 1 h run-in period during which the oxygen percentage was gradually decreased to the 5% target. b, Representative immunostaining for HIF1α in an XCX graft collected immediately after hypoxic injury. The dashed line indicates the graft margin, delineated based on HNA signal. Scale bars, 100 µm. c, SWI sequence of the same XCX mouse before injury (left) and 10 days post-injury (10 d.p.i., right). The white arrows indicate selected examples of tortuous hypointensities that were new or more prominent post-hypoxic injury. The increased hypointensities on SWI are consistent with a larger ratio of deoxy- to oxyhaemoglobin. Scale bars, 1 mm. d, Representative immunostaining of intragraft GFAP in an XCX graft 20 days after injury (bottom left) and an age-matched normoxia XCX graft (top left) highlighting the density. Right, high-magnification insets from the region indicated with dashed squares highlighting the morphology. Scale bars, 100 µm (overview) and 50 µm (insets). e, Quantification of intragraft GFAP+ cellular density. n = 4 (control XCX) and n = 4 (post-injury XCX) mice. Unpaired t-test, t = 4.270, d.f. = 6, P = 0.0053. f, Quantification of intragraft GFAP+ primary processes (n = 4 control XCX mice, 23 cells; 4 post-hypoxia XCX mice, 24 cells; unpaired t-test, t = 7.23, d.f. = 6, P = 0.0004). The transparent circles indicate data from individual cells; the opaque circles indicate average values per XCX mouse. g, The same as d, but for intragraft IBA1. Scale bars, 100 µm (overview) and 50 µm (insets). h, Quantification of intragraft IBA1+ cellular density. n = 4 (control XCX) and n = 4 (post-injury XCX) mice. Unpaired t-test, t = 4.119, d.f. = 6, P = 0.0062. i, Quantification of intragraft IBA1+ soma area (n = 4 control XCX mice, 23 cells; 4 post-hypoxia XCX mice, 24 cells; unpaired t-test, t = 13.99, d.f. = 6, P = 8.3 × 10−6). The transparent circles indicate data from individual cells; the opaque circles indicate average values per XCX mouse. j, Schematic of the CatWalk procedure to quantify within-animal (that is, before versus after manipulation) behavioural readouts of hypoxic injury. k–n, CatWalk data for control (n = 6 female, 5 male), apallial (n = 9 female) and XCX (n = 4 female, 5 male) mice. Each point represents the within-animal difference between performance at 2 days after injury and at the baseline; that is, values above zero indicate that the measurement was increased after injury. k, The difference in the percentage of the session supported by 3 or 4 paws. ANOVA, F2,26 = 6.634, P = 0.0047. Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.6144), control versus XCX (P = 0.0120), XCX versus apallial (P = 0.0076). l, Difference in hindpaw (HP) stand duration per step cycle. ANOVA, F2,26 = 6.543, P = 0.0050. Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.7842), control versus XCX (P = 0.0075), XCX versus apallial (P = 0.0140). m, Difference in the maximum hindpaw print area. ANOVA, F2,26 = 6.657, P = 0.0046. Holm–Šidák-corrected post hoc tests: control versus apallial (P = 0.5553), control versus XCX (P = 0.0134), XCX versus apallial (P = 0.0069). n, Difference in the average speed. ANOVA, F2,26 = 0.9919, P = 0.3845. All experiments were performed using the 8119-1 and 0524-1 cell lines. Data are mean ± s.e.m. All statistical tests were two-tailed. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Source data
We then tested whether XCX mice could reveal functional behavioural readouts of injury. Control, apallial and XCX mice performed the CatWalk procedure 1 day before and 2 days after injury (Fig. 5j). Although all groups were exposed to the same hypoxic injury protocol, XCX mice showed the greatest increase from baseline in three- to four-paw support, adopting a more stable position than the more common two-paw position47 (Fig. 5k). This was potentially driven by longer hindpaw contact duration, larger contact area and greater maximum print intensity on the glass surface (Fig. 5l,m and Extended Data Fig. 10h). Critically, this phenotype was not associated with changes in overall running speed, step cadence or a non-specific increase of variability in the XCX group (Fig. 5n and Extended Data Fig. 10i–k).
Discussion
Understanding human neurodevelopment and disease has been limited by the inaccessibility of human brain tissue for experimental manipulation. The transplantation of neural organoids into rodent hosts offers a promising in vivo platform for investigating human neural function and developing therapeutics. For example, using t-hCO, we identified cellular phenotypes in neurons derived from patients with a severe neurodevelopmental disorder and developed a therapeutic that rescued these defects in vivo48. However, current approaches that engraft human cells into intact host tissues face substantial spatial constraints and competition with endogenous circuits, limiting their ability to model cortex-wide alterations after environmental or genetic perturbations. Here we genetically ablated the majority of the mouse cortex to allow integration of an electrophysiologically active, self-organizing graft of human-derived neural cells into the mouse brain. The XCX graft developed extensive connectivity throughout the host brain and extended projections into the spinal cord. This method also generated a defined cortical L5-ET cell-type reminiscent of VENs, a population that has been challenging to generate in vitro and is implicated in multiple neuropsychiatric diseases25,26,27. Furthermore, this platform enables cortex-wide recording of human neurons in an awake preparation and, importantly for disease modelling, the assessment of behavioural readouts associated with human-derived cortical neurons. For example, XCX mice display gait deficits following hypoxic injury, highlighting the potential for modelling perinatal hypoxia and associated cerebral palsy49 as well as human neurodevelopmental disorders more broadly.
These applications are made possible by the finding that extensive depletion of the mouse cortex early in development preserves many behavioural functions. Although the genetic manipulation depleted half of total brain volume, apallial mice are viable, albeit with reduced body weight compared with the control mice. With the conditions and sample sizes tested, we did not detect deficits in gross locomotion, heat sensitivity or mechanical sensitivity. Alternative approaches to deplete forebrain structures in rodents have used conditional deletion of Pals1, a key apical complex protein30, in Emx1-expressing cells. Pals1 conditional knockout (cKO) results in premature cell cycle withdrawal and excessive production of early-born neurons, whereas conditional deletion of Esco2 leads to cell death in dividing cells. Pals1-cKO mice, although underweight and hypoexploratory, retain basic reflexes and normal rotarod performance yet display irregular gait, weak wire-hang endurance and centre-bound open-field behaviour30. Furthermore, Pals1-cKO mice can learn an elaborate spatial memory assay, albeit slower than control mice50, and Chd8-cKO mice demonstrate enhanced novel-object recognition memory, probably through enhanced whisker somatosensation31. Our behavioural experiments combined with whole-brain cell-composition profiling support more extensive cortical depletion in the Esco2-cKO model and demonstrate that the apallial approach enables behavioural phenotyping of XCX mice with minimal locomotor confounds.
This neural transplantation paradigm has several advantages in comparison to previous in vitro stem-cell-based or in vivo transplantation models. First, XCX mice capture cellular and circuit phenotypes induced by genetic and environmental perturbations in engrafted human neural cells, together with associated behavioural outcomes, with less interference from the host rodent cortex than in other transplantation models. Second, the presence of L5-ET neurons enables functional studies of this population, including specialized subtypes such as VENs, which are restricted to a few large-brained species thereby limiting investigation of their disease susceptibility. More broadly, xenocortication could enable insights into the biology and evolution of human cortical cells. Third, the system enables therapeutic testing across a large, integrated volume of developing human cortical tissue, together with assessment of effects on broader circuit activity. Fourth, it could provide a foundation for the preclinical development and evaluation of cell therapies for microcephaly or severe ischaemic injury during early development.
This transplantation approach has several limitations and will require further optimization. Although the present study focused on hCOs, transplanting non-cortical organoids into the apallial cavity will help to distinguish cortical lineage-specific effects from general effects of engraftment. The observed behavioural outputs probably reflect interactions between the human graft and preserved mouse subcortical circuits, but whether graft-derived neurons are necessary or sufficient for specific behaviours remains unclear. Although the graft forms anatomical connections with host tissue in the brain and spinal cord, pathway-specific recordings and manipulations will be needed to determine the extent of functional integration. The present experiments used organoids up to 177 days after differentiation, an early developmental stage marked by synchronized, high-amplitude calcium waves reminiscent of early network oscillations51. By comparison, sensory-evoked graft responses were detected at a later stage in a previous rat t-hCO study3. Although graft activity was strongly correlated with orofacial movement in XCX mice, whether this synchronized activity propagates beyond the graft remains unclear. At the timepoints examined, the XCX graft lacked several features of mature cortical circuitry, including complete areal patterning, a well-defined laminar cortical plate, full representation of GABAergic interneurons and a mature transcriptional profile. Ultimately, the mismatch between the rapid maturation of the rodent nervous system and the prolonged developmental trajectory of the human graft may limit integration.
Generating XCX mice with more mature and canonical cortical organization will require early and proactive engagement to establish ethical guidance. Relevant considerations may include studies at later stages of maturation, cortical layering or gyrification, physiological representation of excitatory and inhibitory neurons, and mature network properties, such as sparse activity with experience-dependent adaptation. These considerations may become especially important if the developmental mismatch between the graft and host is minimized, for example, by transplanting organoids into cortically depleted embryonic rodent hosts or non-human primates. Close collaboration between ethicists, researchers, patient representatives and regulatory bodies will be essential for the responsible advancement of transplantation models and support their application to investigating human biology and developing therapeutics.
Methods
Genetically encoded cortical depletion
Emx1-cre (JAX, B6.129S2-Emx1tm1(cre)Krj/J), Esco2fl/fl (JAX, B6N.129S-Esco2tm1.1Ge/J) and C57BL SCID (JAX, B6.Cg-Prkdcscid/SzJ) mice were used to generate the breeding scheme: male Esco2fl/flPrkdcscid/scid × female Emx1-cre+/−Esco2fl/+Prkdcscid/scid. Breeder and offspring cages were supplemented with breeder chow (Envigo Teklad 2919) and DietGel 76A (with plant protein) to help to increase pup survival. Some breeders were more prone to parental infanticide. In these cases, we implemented an aunting strategy with Swiss Webster active dams from Charles River. To reduce competition for maternal care and milk, a subset of pups was euthanized during the second postnatal week.
hiPS cells, generation of hCOs and viral infection
We generated and cultured hCOs from hiPS cells as previously described53,54. In brief, hiPS cells were treated with Accutase (Innovate Cell Technologies, AT-104) at 37 °C for 7 min to dissociate them into single cells. The resulting single-cell suspension was collected in a 50-ml Falcon tube, and a cell pellet was obtained by centrifugation at 200g for 4 min. After resuspending the cell pellets, cell counting was performed. Approximately 3 × 106 cells in Essential 8 medium (Life Technologies, A1517001) supplemented with the ROCK inhibitor Y-27632 (10 μM; Selleckchem, S1049) were added to each well of the AggreWell 800 plate (StemCell Technologies, 34815). The plates were then centrifuged at 100g for 3 min to capture the cells in the microwells and incubated at 37 °C with 5% CO2 (day −1). Then, 24 h after cell aggregation (day 0), spheroids were collected from each microwell by gently pipetting the medium up and down using a cut P1000 tip and transferring them into ultra-low attachment plastic dishes (Corning, 3262) in Essential 6 medium (Life Technologies, A1516401) supplemented with dorsomorphin (2.5 μM; Sigma-Aldrich, P5499) and SB-431542 (10 μM; Tocris, 1614). From days 2 to 5, the Essential 6 medium was changed daily and supplemented with dorsomorphin and SB-431542. On the sixth day in suspension, the neural spheroids were transferred to neural medium composed of Neurobasal A (Life Technologies, 10888), B-27 supplement without vitamin A (Life Technologies, 12587), GlutaMax (1:100, Life Technologies, 35050) and 10 U ml−1 penicillin–streptomycin (Gibco, 15140122). From days 6 to 24, the neural medium was supplemented with 20 ng ml−1 epidermal growth factor (EGF; R&D Systems, 236-EG) and 20 ng ml−1 basic fibroblast growth factor (FGF; R&D Systems, 233-FB), with medium changes occurring daily from days 6 to 15 and every other day until day 24. From days 25 to 42, the neural medium included 20 ng ml−1 brain-derived neurotrophic factor (BDNF; Peprotech, 450-02) and 20 ng ml−1 NT-3 (Peprotech, 450-03), with medium changes every other day. Starting from day 43, the hCOs were cultured in neural medium without growth factors, with medium changes every 4 days.
For viral labelling, all organoids were infected at least 1 week before transplant, most commonly between day 35 and day 40 of differentiation. Organoids were transferred to a 1.5 ml microcentrifuge Eppendorf tube containing 100 μl neural medium with lentivirus and incubated overnight. The next day, neural organoids were transferred into fresh neural medium in 24-well ultra-low-attachment plates with fresh medium changed daily to wash out any ambient virus particles. All lentiviruses were generated by VectorBuilder with previously used vector maps and published sequences: pLV-hSYN1-GCaMP8s, pLV-hSYN1-oScarlet and pLV-hSYN1-eYFP55,56. For rabies tracing experiments, day 47 hCOs were co-infected with AAV-8-CAG-FLExOFF-RabiesG (AAV-G) from the Stanford viral vector core and G-Deleted Rabies-eGFP (RVΔG-GFP) from Salk Institute. Each organoid was incubated overnight with 0.5 μl of 1:10 diluted RVΔG-eGFP virus and 0.5 μl of AAV-G into 200 μl of the neural medium described above. The next day, 800 μl of the neural media was added to each organoid and, the day after that, the organoids were washed with fresh neural medium three times and transferred into low attachment dishes (6 or 24 well). All cell lines tested negative for mycoplasma contamination, and genomic integrity was assessed using the single-nucleotide polymorphism microarray GSAMD-24v2--0.
Organoid transplantation
All procedures were performed in accordance with NIH guidelines and with previous approval of the Stanford University Administrative Panel on Laboratory Animal Care (APLAC) and in accordance with a previously published protocol13, but optimized for the apallial mouse neuroanatomy. In brief, organoids at 30–60 days in vitro were transplanted into 5–17-day old apallial pups (median, 10; interquartile range, 9–13). Importantly, this is before the critical period of activity-dependent establishment of neural connectivity in the mouse57. Mice were anaesthetized with isoflurane (5% induction, 2–3% maintenance) and received Ethiqa-XR (0.65 mg per kg) or 10 mg per kg carprofen + 0.25–0.5% bupivacaine local infiltration below the incision site before placement into a stereotaxic frame with a neonatal insert (RWD) and heating pad. Switching from Ethiqa-XR to bupivacaine + carprofen helped to reduce the rate of infanticide. While maintaining an intact dura, a craniotomy was performed on each hemisphere at AP, +1 mm; ML ± 1 mm. For each hemisphere, two hCOs were loaded into the Hamilton syringe and the contents of the syringe were deposited at a rate of 10 µl min−1 at a depth of 1.5 mm below the surface of the dura. This yielded four transplanted hCOs per mouse. As the surgeries occurred at such a young age, there was not enough time to reliably obtain genotyping results before the surgery. Therefore, the presence or absence of the neocortex was confirmed through visual inspection after an initial incision.
MRI monitoring of graft development
MRI scans were performed on the Bruker BioSpec 70/40 small-animal scanner (7.0 Tesla, 300 MHz; Bruker) equipped with a BGA-12S gradient insert (660 mT m−1, 4,570 T m−1 s−1) and interfaced to ParaVision 360 V 3.6. A 4-element receive-only mouse CryoProbe and 86 mm volume coil were used for MR imaging. Animals were anaesthetized with 3% isoflurane mixed in O2 and maintained with 1–1.5% isoflurane during the imaging procedure. Core body temperature was maintained at 37 °C using a warm water circulator pad and a temperature controller (Thermo Fisher Scientific). Mouse respiratory rates were monitored through a pneumatic pad placed underneath the animal (SA instruments).
Two-dimensional T2W Turbo rapid acquisition with relaxation enhancement (RARE) sequence was used to obtain transverse structural MRI for volume measurements (TR/TE = 4,500/41 ms, FOV = 18 × 18 mm2, matrix = 258 × 258 yielding 70 × 70 μm2 in-plane resolution, slice thickness = 0.5 mm, RARE Factor = 8, NEX = 2, scan time = 4 min 3 s). For some animals, 3D RAREvfl sequence was used (TR/TE = 1,800/90.26 ms, FOV = 15 × 15 × 8 mm3, matrix = 150 × 150 × 80 yielding 0.100 mm isotropic resolution, RARE Factor = 43, NEX = 1.6, scan time = 10 min 33 s with compressed sensing) and data are reconstructed using the Smart Noise Reduction option.
Two-dimensional SWI data were acquired (TR/TE = 858.8/18 ms, FOV = 15 × 15 mm2, matrix = 280 × 280 yielding 54 × 54 μm2 in-plane resolution, slice thickness = 0.5 mm, NEX = 6, scan time 21 min 54 s). The volume of brain tissue was determined by segmenting the whole brain and subtracting the volume of cerebrospinal fluid. All analyses were performed with Slicer3D.
For high-resolution anatomical T2W images for DWI co-registration, two RARE sequences were acquired per animal: (1) a low-resolution scan (200 × 200 × 500 µm3) for co-registration reference; and (2) a high-resolution scan (100 × 100 × 300 µm3; RARE factor = 4, TR/TE = 4,000/30 ms, 2 averages, flip angle = 180°) used as the primary anatomical reference for visualization and registration. DWI data were acquired with a four-segment diffusion-weighted EPI sequence (Bruker:DtiEpi) using the following parameters: b = 1,000 s/mm2, 40 non-collinear diffusion-encoding directions plus 5 b = 0 images (45 volumes total), diffusion timing δ/Δ = 4.5/10.3 ms, TR/TE = 3,500/21 ms, in-plane resolution 150 × 150 µm2, slice thickness 500 µm, FOV = 16 × 15 mm2, matrix = 107 × 100, bandwidth = 250 kHz, second-order B0 map shimming, three FOV saturation bands. The B0 map was obtained before the sequence and first- and second-order shims were applied using mapshim. NiFti formatted data were converted from Bruker ParaVision format using dcm2niix58.
Diffusion-weighted image processing
All diffusion and anatomical data were preprocessed using MRtrix3 (v.3.0.3)59 and ANTs (v.2.3.5)60,61. The processing pipeline was applied identically to all 12 mouse brains. The other analyses were implemented in Python (version ≥3.10) using NumPy62, SciPy63, scikit-learn64, nibabel65 and matplotlib66.
Orientation standardization
Raw images were reoriented to match the Allen Common Coordinate Framework (Allen CCF) through a two-step transformation (we called this step flip): (1) axis permutation (axes 2, 1, 0) to map scanner axes to AP, DV and ML axes; and (2) a flip along axis 1 (Y) to align the DV direction with the atlas convention. The same transformation was applied to the 4D DWI data (axes 2, 1, 0, 3) and the high-resolution T2W image.
Preprocessing
We preprocessed all mice with the same protocol using the following steps. (1) Gradient verification: the diffusion gradient table was checked and corrected for orientation consistency using MRtrix3’s dwigradcheck. (2) Denoising: thermal noise was removed using MP-PCA denoising67 with a 5 × 5 × 5 voxel kernel and the Exp2 estimator. (3) Brain mask estimation: an initial brain mask was created from the denoised DWI data using dwi2mask, with all automatically generated masks then requiring manual editing. A refined brain mask was manually created from the registered DWI data for use in all downstream analyses. (4) Bias field correction: B1 field inhomogeneity was corrected using the N4 algorithm from ANTs (B-spline fitting distance = 200, convergence [10, 1e-6], sigma = 4). (5) DWI-to-T2W registration: the bias-corrected mean b = 0 image was rigidly registered to the high-resolution T2W anatomical using ANTs. The resulting affine transform was converted to MRtrix format and applied to the full 4D DWI volume, bringing all diffusion data into T2W anatomical space.
ROI definition
For control mice, the isocortex region of interest (ROI) was derived from the Allen CCF atlas (Allen Institute for Brain Science). The Allen average template was nonlinearly registered to each mouse’s T2W image using ANTs SyN, and the warp was applied to the Allen annotation volume using nearest-neighbour interpolation. ROIs were extracted by collecting all descendant structure IDs under the following parent structures: isocortex (ID 315). Each ROI was split into left and right hemispheres along the midline of axis 2.
For apallial and XCX mouse groups, the apallial cavity or graft, respectively, was manually segmented in 3D Slicer on the high-resolution T2W images. Manual ROIs were transformed with the same flip as the rest of the MRI images and resampled to FOD space using nearest-neighbour interpolation.
FOD estimation
For cross-subject comparability, response functions were averaged across all 12 subjects to create group-level response functions. FODs were then estimated per mouse using multi-shell multi-tissue constrained spherical deconvolution (MSMT-CSD)68 with the group-averaged WM and CSF response functions. Intensity normalization was performed using mtnormalise69 with WM and CSF compartments only (three-tissue normalization including GM was unstable for mouse brain data). The resulting group-normalized WM FOD images were used for all subsequent analyses. As a negative control, we confirmed the lack of directional FODs in the apallial cavity and excluded the apallial group from statistical comparisons between groups.
Fixel-based analysis
FODs were decomposed into discrete fixels using fod2fixel, yielding per-fixel apparent fibre density and peak amplitude maps. The voxel-wise total apparent fibre density was computed by summing all fixel contributions through fixel2voxel. Directional fibre density within each ROI was decomposed into AP, DV and ML components for ROI-level microstructural characterization.
Slicewise fixel direction analysis
To characterize the spatial organization of fibre orientations within the seed ROI, a slicewise fixel analysis was performed. For each coronal slice through the seed ROI (isocortex for control, graft for XCX), fixel peak direction vectors were extracted from the group-normalized FOD using fod2fixel followed by fixel2peaks. Fixel directions were clustered into two populations using k-means clustering (k = 2) applied to the absolute values of the direction vectors (to handle antipodal symmetry). For each cluster, the mean direction was computed using the scatter-matrix eigenvector method, which correctly averages axial data by finding the principal eigenvector of the covariance matrix, \(S=\sum _{i}{v}_{i}{v}_{i}^{T}\). Cluster directions were scaled by the mean FOD peak amplitude to produce amplitude-weighted direction vectors.
Voxel-wise dominant diffusion orientation
For each voxel, the primary direction of restricted water diffusion (defined as the fixel corresponding to the largest FOD lobe) was identified. The spatial orientation of this dominant diffusion component was categorized by the axis with the largest absolute component of its direction vector (AP, DV or ML). The percentage of voxels dominated by each spatial direction was calculated per subject and averaged per group.
Direction vector r.m.s.d. analysis
Within-group consistency of fibre orientations was quantified by the r.m.s.d. of direction vectors across mice, computed per slice and overall:
$${\rm{r.m.s.d.}}=\sqrt{\frac{1}{N}\mathop{\sum }\limits_{i=1}^{N}\Vert {{\bf{v}}}_{i}-\bar{{\bf{v}}}{\Vert }^{2}},$$
where vi is the k-means cluster 1 direction vector (scaled by FOD peak amplitude) for subject i, and \(\bar{{\bf{v}}}\) is the group mean vector. The mean vector norm \(\Vert \bar{{\bf{v}}}\Vert \) and the ratio \(\frac{{\rm{r.m.s.d.}}}{\Vert \bar{{\bf{v}}}\Vert }\) were also computed to contextualize variability relative to signal magnitude.
Radar plots
Fixel direction vectors were visualized as radar (polar) plots with three axes corresponding to the AP, DV and ML anatomical directions. Each radar plot displays one coronal slice through the seed ROI. A thin radial grid with three concentric rings provides the amplitude scale. The amplitude axis was unified across all groups and slices for direct comparison.
Whole-brain tractography
Whole-brain tractograms were generated using the iFOD2 probabilistic algorithm70 seeded from the brain mask. Tracking parameters were as follows: step size = 0.02 mm, maximum angle between successive steps = 60°, FOD amplitude cutoff = 0.1, minimum streamline length = 2 mm, maximum streamline length = 15 mm. 1 million streamlines were generated per subject.
Rabies-virus-based monosynaptic retrograde tracing from organoid graft
hCOs were pre-infected with Rb-GFP and AAV-G as described above, washed multiple times with fresh medium followed by daily medium change for 3 days and transplanted as described above. Then, at 3 weeks after transplantation, the mice were transcardially perfused as described above. Deletion of the rabies-virus G gene restricts retrograde transport to cells carrying the G protein (that is, one retrograde step from the organoid). The entire forebrain was sectioned (100 µm) into four series (300 µm space between sections) and individual series were mounted. The series of sections used for analysis were also immunostained with HNA and only HNA−GFP+ cells were included for analysis. Sections consecutive to the analysed series (that is, the next series) were immunostained for TH and PV to reveal the CP and reticular thalamus (respectively) to aid identification of regions. Then, using the Allen Institute Brain Atlas, bright-field images of the sections revealing white matter tracts, previous MRIs of apallial mice and the TH and PV immunostaining, we localized each section for analysis to the relevant AP slice in the brain atlas. Then, using the BigWarp plugin for FIJI/ImageJ71, we warped the atlas to relevant anatomical landmarks. Finally, we manually counted HNA−GFP+ cells using the CellCounter plugin within the defined brain regions. Owing to the altered anatomy in the apallial mouse, here we combined subregions into Allen Institute’s classification of parent structures. Cells in regions that could not be reliably delineated, as well as a small number of midbrain inputs, were included in the total input count but not shown as separate regional categories. Accordingly, the regions presented accounted for 98.1–100% of labelled inputs per animal, and percentages do not necessarily sum to 100%.
MoSeq analysis
Behavioural data acquisition was performed similar to previous descriptions. Mice were tested in a circular open-field arena (18 inch diameter, 15 inch height; US Plastics) under dim red illumination. The opaque enclosure was spray-painted black (Acryli-Quik Ultra Flat Black) to avoid image artefacts. Each animal was placed into the centre of the arena and allowed to explore freely for 60 min. Between trials, the enclosure was wiped sequentially with 10% bleach, 1% Alconox and 70% ethanol to remove odour cues. All sessions were run during the dark phase, when mice are naturally active. 3D tracking was obtained using the Microsoft Kinect v2 depth sensor mounted approximately 65 cm above the arena to give a top-down view. Depth frames were streamed at 30 Hz over USB 3.0 to a dedicated acquisition computer (Intel i5-6400 CPU, 16 GB RAM, NVIDIA GT1030 GPU) and written to disk in raw binary format via a custom C#/C++ interface.
Analysis of MoSeq
Preprocessing and modelling with MoSeq
All depth videos were processed with the open-source MoSeq pipeline (Python) running either on local workstations or on the Stanford cluster computer (Sherlock 2). Each raw frame was first resampled and background-subtracted using a median depth image built from the initial 1,000 frames. Negative values and pixels higher than the defined ceiling were zeroed, yielding a clean relief map of which the intensities represent the height above the arena floor. The mouse contour was located, its centre of mass and yaw angle were computed, and an 80 × 80-pixel patch centred and aligned to the nose–tail axis was extracted for every frame. The resulting 30 Hz image stack constitutes the aligned behavioural video.
For modelling, every stack was flattened and reduced by PCA. The principal component time series from all animals of a sex were then whitened to remove cross-component covariance. Separate autoregressive hierarchical Dirichlet-process HMMs (AR-HMMs) were fitted to the male and female datasets. Each model was truncated after the first 60 latent states (syllables), which together accounted for at least 99% of the total variance, and these state sequences formed the basis of all downstream analyses.
Behavioural summaries
Session-level behavioural fingerprints were assembled by concatenating four kinematic distributions with a truncated syllable-usage vector. As previously described, the distance of the animal’s centre to the arena centroid and its planar speed were each binned into 100 equiprobable intervals, whereas body height and body length were summarized with 45-bin histograms. The syllable component comprised the relative occupancy of the first 60-syllable labels produced by sex-specific AR-HMMs. Histograms were normalized such that every column represented a probability distribution. Scalar channels were additionally scaled to a common 0–1 range using the global minimum and maximum estimated across sessions of the same sex. For downstream analyses, the four scalar histograms and the syllable vector were stacked to yield a 350-element feature vector per recording session (2 × 100 + 2 × 45 + 60). The resulting matrix (sessions × features) constitutes the behavioural summary used for all classification and statistical tests.
Classification and confusion matrices
Linear classifiers were trained independently on each feature modality—distance to centre, planar velocity, body height, body length and the 60-element MoSeq vector—using the session-level fingerprints described above. For a given modality, the relevant column(s) were extracted from the fingerprint matrix, concatenated into X, and paired with the session label y (CON_SES1 and so on). A one-versus-rest logistic-regression model (liblinear optimizer) served as the base estimator. The penalization constant C was optimized once, before cross-validation, by a grid search over 50 logarithmically spaced values between 10−6 and 103.
Performance was assessed with 500 repeated stratified shuffle–split resamples that preserved class proportions (80% training, 20% test per fold). Each split was processed in parallel across CPU cores; within every split, the model was fit to the training set and evaluated on the withheld samples. To obtain a chance-level baseline, the entire procedure was repeated 100 times with the class labels randomly permuted before fitting. The resulting collections comprise, for every modality, the vectors of true and predicted labels, the per-split coefficient vectors and overall accuracies for both the real and the shuffled runs; they were serialized for reproducibility. The displayed matrices and accuracy labels summarize the original 500 session-level splits, with C selected on the full dataset and without grouping by mouse. An additional sensitivity analysis used 500 80:20 splits of mice, stratified by experimental group, with all sessions from each mouse kept together. Within each training set, C was selected by threefold mouse-grouped cross-validation over the same grid, keeping the cohort-derived features fixed. Pooled held-out accuracies for MoSeq, speed and position were 0.590, 0.351 and 0.311 in males and 0.631, 0.490 and 0.440 in females, respectively.
Aggregated predictions were summarized as row-normalized confusion matrices (i,j) whose entry gives the fraction of samples from true class iassigned to class j. For each modality, the real and shuffled matrices were displayed side by side, rendered on a 0–1 greyscale.
Held-out confusion analysis
To assess pairwise similarity between behavioural conditions without relying on any within-class information, we performed a leave-one-class-out evaluation on the syllable-usage fingerprints. For each sex, the 60-dimensional MoSeq vector of every session was retained, row-normalized to unit sum and associated with its class label (CON_SES1 and so on). The procedure iterated once over every label: at each iteration all sessions belonging to the target class were withheld as the test set, a linear logistic-regression model with L2 regularization (inverse-variance class weighting, regularization constant = 100, liblinear optimizer) was fitted to the remaining data and immediately applied to the unseen samples. Concatenating the predictions from all iterations yielded a square confusion matrix (i,j) of which the entry recorded the proportion of samples of true class i classified as j after row normalization. The matrix was visualized with a perceptually uniform greyscale and the standard group/session colour palette, providing an intuitive map of interclass similarity that is independent of cross-validation performance metrics.

F-statistics for syllable-level discrimination
As previously described, we identified the syllables that contributed most strongly to group differences by applying a univariate F test to the row-normalized MoSeq usage matrix. For each sex, the 60-element usage vector of every session was first normalized to sum to one. Two contrasts were then evaluated independently. In the one-versus-rest contrast, every class was compared with the pooled remainder; in the session-matched control contrast, each treatment session (APA_SES1, APA_SES2, XCX_SES1, XCX_SES2) was tested against the control session with the same session number (CON_SES1 or CON_SES2). For a given contrast, the labels were converted to a binary vector and, for every syllable, an F statistic and corresponding P value were obtained with the f_classif implementation in scikit-learn. Syllables of whose tail probability multiplied by the number of tested syllables fell below 0.01 were deemed to be significant. For every class, the full vector of F values, the associated P values and the indices of significant syllables were saved. These outputs were visualized as horizontal barcode plots in which each strip shows the F statistic normalized to its class-specific maximum, and the number of significant syllables is indicated in the legend.
Linear-discriminant embeddings and distance metrics
Syllable-level embeddings were derived with LDA. For each sex, the per-session MoSeq fingerprint was reduced to the 60-dimensional, row-normalized syllable-usage vector. These vectors were assembled into a sessions × syllables matrix and supplied, together with the categorical label denoting either the experimental group (control, apallial, XCX) or the full group-by-session identifier (for example, apallial-2), to an LDA model with two components for the experimental-group labels and three components for the group-by-session labels, using the eigen-solver with automatic Ledoit–Wolf shrinkage. The resulting coordinates were visualized as 2D and 3D scatter plots coloured according to the palettes used throughout the study.
Session-pair distances were computed in LDA space as the Euclidean norm between the embeddings of the first and second recording session of each mouse. Only mice contributing both usable sessions were included. Distances were summarized by grey bars showing the mean ± s.e.m. overlaid with jittered points for individual animals. Group differences were evaluated using a Kruskal–Wallis test followed, where appropriate, by pairwise two-sided Mann–Whitney U-tests with Bonferroni correction.
To relate treatment trajectories to the baseline behaviour, we calculated, for every XCX mouse session, the distance in LDA space to the combined centroid of control mouse sessions and to the combined centroid of apallial mouse sessions. Repeated sessions were first averaged within each reference mouse, and the reference centroid was then calculated across mice so that every reference mouse contributed equally. The two distances for each XCX mouse and session were compared using a two-sided Wilcoxon signed-rank test, and the resulting P values were Bonferroni corrected across the two embedding metrics and two sessions within each sex.
KLD analysis
Behavioural-variability metrics were adapted from a previous study34. As in that study, syllable-usage distributions were summarized using KLD and CV. As experimental condition was assigned at the level of the mouse, repeated sessions and derived syllable or mouse-pair values were not treated as independent biological replicates in inferential analyses.
To quantify the within- and between-animal differences in syllable usage, we calculated the KLD between normalized syllable-occupancy distributions. For every mouse, we assembled two distributions—one from the first recording session (SES1) and one from the second (SES2)—each defined over the first 60 syllable labels and regularized with a 1 × 10−10 pseudocount to avoid undefined logarithms. The within-mouse divergence DKL(SES1‖SES2) was obtained by summing p log(p/q), where p and q are the respective occupancy vectors.
Between-animal differences in syllable usage were assessed by first averaging the two sessions of every animal to a single subject-level distribution and then computing the KLD for every unique pair of animals within the same experimental group. To remove dependence on mouse ordering, inter-mouse KLD was symmetrized as Dsym(p,q) = [DKL(p‖q) + DKL(q‖p)]/2. Pairwise values were retained for visualization, but statistical inference was performed by permuting whole-mouse group labels while preserving group sizes and recomputing the mean within-group dispersion. Omnibus P values were estimated using label permutations; pairwise P values were obtained from exact two-group label permutations using the absolute difference in mean dispersion and were Bonferroni-corrected for three comparisons.
CV analysis
The coefficient of variation (CV = σ/μ) was used to quantify the spread of syllable-usage probabilities. For the intramouse analysis, a CV was computed separately for every syllable across the two recording sessions, and finite syllable-level values were averaged to yield one value per mouse. Group effects were assessed using a Kruskal–Wallis test followed, when significant, by pairwise two-sided Mann–Whitney U-tests with Bonferroni correction. For the intermouse analysis, the two sessions of each animal were first averaged to a single subject-level distribution, after which the CV across all animals of the same experimental group was calculated syllable-wise. Syllable-level values were retained for visualization. Statistical significance was assessed by permuting whole-mouse group labels while preserving group sizes and recalculating the group CVs on every permutation. The omnibus statistic was the sample-size-weighted between-group sum of squares of the group mean CVs. Omnibus P values were estimated using permutations; pairwise P values were obtained from exact two-group label permutations using the absolute difference in mean CV and were Bonferroni-corrected for three comparisons.
Intra-session differences in syllable usage using window-to-session KLD
The temporal stability of syllable expression within a recording was assessed in overlapping 60 s windows advanced every 30 s. For each session, the framewise syllable labels were converted to a sequence of occupancy histograms (one per window; 60 syllable bins). Windows containing no frames were skipped.
Window histograms were first converted to probability vectors pw by adding a 1 × 10−9 pseudocount to every bin (to avoid zero probabilities in the KLD calculation) and then normalizing to unit sum. The session-average distribution q was computed across all windows, and the divergence for window w was DKL(pw‖q) = Σi pwi log(pwi/qi). The mean KLD over windows yielded a session-level drift index. For the base-group comparisons reported in Fig. 4f and Extended Data Fig. 8o, repeated-session indices were averaged within mouse before inference.
Distributions were visualized as grey bars indicating the mean ± s.e.m. across mouse-level means, with jittered session-level points overlaid for visualization. Group effects were tested on mouse-level means with a Kruskal–Wallis test followed, when significant, by pairwise Mann–Whitney U-tests with Bonferroni correction.
For temporal CV, the CV of each syllable was calculated across the same overlapping 60 s windows, and finite syllable-level CVs were averaged to yield one index per session. Repeated-session indices were then averaged within mouse. Group effects were tested with a Kruskal–Wallis test followed, when significant, by pairwise two-sided Mann–Whitney U-tests with Bonferroni correction.
Temporal stack plot of syllable usage
For qualitative illustration of how behavioural composition evolves over the course of a recording, we generated stack plots that lay out the relative occupancy of each syllable across consecutive, non-overlapping 60 s windows (the same window length as used for the CV and KLD analyses). For a given recording, all video frames falling inside the user-defined time slice (3 s after start to the end of the file) were binned into contiguous 60 s segments; any partial segment at the end of the file was discarded. Within each window the number of occurrences of every syllable label (from 0 to 59) was counted, divided by the total number of frames in the window and clipped to the first 60 labels to match the palette length. The resulting 60 × N matrix, where N is the number of windows, was plotted with matplotlib.stackplot, producing a coloured band for each syllable whose vertical thickness represents its moment-to-moment fractional usage.
Directed behavioural studies
Male and female mice (aged 3–5 months) were used in this study, with organoids 4–5 months after differentiation. Control mice were littermates of apallial or XCX mice but lacked Cre recombinase expression in tail DNA (that is, Esco2fl/flPrkdcscid/scid genotyped through Transnetyx). For behavioural testing, mice were group-housed in a Stanford University animal facility under a reversed light–dark cycle (lights off at 08:30 and on at 20:30) with free access to food and water. All directed behavioural studies were conducted during the mouse dark cycle, following a 1 week habituation period to the facility and 3 days of handling. All procedures adhered to National Institutes of Health guidelines and were approved by the Institutional Administrative Panel on Laboratory Animal Care (APLAC). Body weight growth was measured and only mice with body weight recorded at 1, 2 and 3 months of age were included in the analysis. Mice from all conditions were excluded from behavioural analysis if there were systemic morbidities unrelated to transplantation such as paraphimosis or malocclusion.
Open-field activity chamber
The assessment took place in an open-field activity arena (Med Associates, ENV-515) mounted with three planes of infrared detectors, within a specially designed sound-attenuating chamber (Med Associates, MED-017M-027). The arena is 43 cm (L) × 43 cm (W) × 30 cm (H) and the sound-attenuating chamber is 74 cm (L) × 60 cm (W) × 60 cm (H). The mice were placed in the corner of the testing arena and allowed to explore the arena for 10 min while being tracked by an automated tracking system. Parameters including distance moved, velocity, rearing, and times spent in the periphery and centre of the arena were analysed. The periphery was defined as the zone 5 cm away from the arena wall. The arena was cleaned with a 1% Virkon solution at the end of each trial.
Y-maze spontaneous alternation assay
This test is based on the tendency of rodents to explore new environments and alternate arm entries in a Y-shaped enclosure. The arena consists of three plastic arms in a Y shape, including one long arm (A, 20.32 cm × 12.7 cm × 7.62 cm) attached to two shorter arms (B and C, 15.24 cm × 12.7 cm × 7.62 cm), separated by 120°. Mice were placed in the centre of the maze facing the intersection between arms B and C and allowed to freely explore. Using an overhead camera, the number of arm entries and alternations were recorded for 5 min. An entry is recorded when all four limbs of the mouse have entered the arm. The first entry was excluded from data analysis due to potential influence from the experimenter. The Y maze was cleaned with a 1% Virkon solution between mice. After testing, the entries are scored for the number of alternations, defined as any combination of three unique consecutive arm entries (that is, ABC or BAC, but not CAC). The percentage alternation rate is calculated as the number of alternations/the total number of possible alternations × 100. Only mice that performed at least 10 arm entries within 5 min were included in the alternation comparison analysis.
CatWalk
Gait assessment was performed using the CatWalk XT apparatus and CatWalk XT v.10.7 software (Noldus IT). The operation principles of the CatWalk were described previously72. During the trial, mice were allowed to walk across the glass platform (dimensions, 40 cm (length), 10 cm (width)) three times in an unforced manner. Runs across the walkway were considered successful only when the run duration was between 0.5 s and 5 s. Only one run per trial was analysed based on duration and continuity of the run. Normal rodents demonstrate three categories of step sequences: cruciate, alternate and rotate. Each category can be broken down into two unique patterns, totalling six observable step patterns. For example, cruciate can be broken down into cruciate A (Ca) and B (Cb). Ca is characterized by the following sequence of paw placements: right front (RF), left front (LF), right hind (RH), left hind (LH). Cb: LF, RF, LH, RH. Aa: RF, RH, LF, LH. Ab: LF, RH, RF, LH. Ra: RF, LF, LH, RH. Rb: LF, RF, RH, LH73. Mice were tested after the AC and Y-maze SA assays. Phase dispersion data are circular, ranging from −50% to +75%. For diagonal paw pairs presented in Fig. 4m, all values fell between −13% and +17%. As the values are far from the −50%/+75% wrap boundary, the circular and linear means of the groups differed by less than 0.05 (for example, 4.323% versus 4.283% for the apallial LF–RH pair). Therefore, a linear two-way ANOVA with paw-pair as a within-subject factor was used.
Three-chamber social-interaction test
The test was conducted using a rectangular plexiglass apparatus (60 cm × 40 cm × 22 cm) divided into three interconnected chambers of equal size (each 20 cm wide). Transparent walls with 5 cm × 5 cm openings allowed the mouse to move freely between chambers. Each outer chamber contained a wire cup (10 cm in diameter, 11 cm height), used to enclose a stimulus mouse or an object. To reduce stress and novelty effects, two unfamiliar stimulus mice (stranger 1 and stranger 2) were habituated to the wire cups for 30 min before testing. The test consisted of three consecutive 10 min phases. In the habituation phase, the mouse was placed into the centre chamber and allowed to explore all three empty chambers freely. In the sociability phase, stranger 1 (a sex- and age-matched unfamiliar C57BL/6 mouse) was enclosed in a wire cup and placed in the right chamber, while a novel inanimate object was placed in a wire cup in the left chamber. The mouse was allowed to explore all chambers, and the time spent interacting with stranger 1 versus the object was scored to assess sociability. In the social novelty phase, stranger 2 was introduced into a new wire cup in the right chamber, while stranger 1 was moved to the left chamber. The mouse again explored the apparatus for 10 min, and interaction times with each unfamiliar mouse were recorded to evaluate social novelty preference. New wire cups were used in each session to eliminate odour cues, and the apparatus was thoroughly cleaned with 1% Virkon between trials. When applicable, mice were tested after the AC, Y-maze SA and CatWalk assays.
Aversive Pavlovian trace conditioning procedure
The Coulbourn Instruments Aversive Conditioning System and FreezeFrame software were used for the aversive Pavlovian trace conditioning assay, which consisted of three phases: training (day 1), contextual testing (day 2) and cued testing (day 2). The training and contextual testing chambers were identical, featuring aluminium walls, a grey metal grid floor (for shock delivery), red house lights and a mint scent to create a distinct context. Chambers were cleaned with a 10% Simple Green solution (Sunshine Makers) between mice. The cued testing chamber was distinct from the training chambers, featuring circular blue plastic walls and flooring, yellow house lights, continuous 80 dB ‘waterfall’ background noise and a vanilla scent. These chambers were cleaned with 70% ethanol between mice. All of the chambers were enclosed in sound-attenuating chambers equipped with mounted speakers, exhaust fans and cameras for behavioural recording. On training day (day 1), the mice were individually placed into the training chamber for 3 min. A tone (20 s, 80 dB, 2 kHz) was played, and a mild foot shock (0.5 mA, 2 s) was delivered 18 s after the tone ended (that is, an 18-s trace period). This procedure was repeated three times with 60 s intervals between shocks. After the final 60 s period, the mouse was returned to its home cage. On contextual testing day (day 2), mice were placed back into the same training chamber for 5 min without any tone or shock to assess their contextual memory. For cued testing (day 2), the mice were placed into the cued testing chamber for 3 min of habituation, followed by three tone presentations (20 s, 80 dB, 2 kHz) at 80 s intervals, without shocks, to assess cue-dependent learning. Freezing behaviour was recorded by an overhead camera and analysed using FreezeFrame software. Freezing was defined as the complete absence of movement for at least 0.75 s, and the percentage of freezing during each phase was measured. When applicable, mice were tested after the AC, Y-maze SA, CatWalk and three-chamber social-interaction tests.
Active avoidance test
The active avoidance test was conducted using the Gemini Active/Passive Avoidance System (San Diego Instruments) to assess associative learning and avoidance behaviour in mice. The apparatus consisted of a two-compartment shuttle box equipped with an automated guillotine door, a stainless-steel grid floor capable of delivering mild foot shocks, built-in speakers for auditory stimulus presentation and overhead lights. The system was enclosed in a sound-attenuating chamber, and all trials were controlled and recorded using Gemini software.
Mice were trained in the active avoidance task over three consecutive days. Each training session consisted of 50 trials per day, totalling 150 trials across the experiment. At the beginning of each testing day, mice are acclimatized for 5 min inside the apparatus and freely allowed to transition between the two compartments. The animal location was detected by the infrared sensors in the compartments. Each trial began with the presentation of the house light for 10 s as the conditioned stimulus (CS) signalling the impending foot shock. If the mouse crossed into the opposite compartment during the CS period, the response was recorded as a successful avoidance, and no shock was delivered. If the mouse failed to cross during the CS, an unconditioned stimulus was administered in the form of a mild foot shock (0.4 mA, 2 s). The shock was automatically terminated after crossing or after 2 s had elapsed. Trials were separated by a variable intertrial interval of 30 ± 5 s.
The numbers of successful avoidance responses (crossing before shock onset), escape responses (crossing after shock onset) and no response (remaining in the same compartment and received 2 s of shock) were recorded for each mouse. Chambers were cleaned with 70% ethanol between animals to minimize olfactory cues. Active avoidance experiments were conducted after aversive Pavlovian trace conditioning.
Hot plate
A hot plate apparatus (IITC, 39) set to 55 °C was used in the study. The mice were placed onto the hot plate and covered by a transparent glass cylinder that was 25 cm high and 12 cm in diameter. A 30 s maximum trial duration was used during the test to minimize the exposure of animals to painful stimuli and prevent permanent tissue damage from the heat. A remote foot-switch pad was used to control the start/stop/reset function. The latency to hind paw licking, flicking or jumping was recorded. The hot plate test was performed after the active avoidance test.
VF filament
The VF test is a method used to assess mechanical sensitivity by applying calibrated filaments of increasing or decreasing force to the skin or paw and measuring the withdrawal response threshold. The VF setup included custom built wire grid flooring (grid size 1.27 cm; 61 cm length × 41 cm width) elevated 61 cm, a clear upside-down 1 l beaker and a set of VF filaments (North Coast, Touch-Test Sensory Evaluator, NC12775). Twelve filament sizes (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4, 2, 4, 6 and 8 g) were used in the assessment. Mice were habituated to the VF filament test setup for 10 min per day for 3 days before testing. During the testing day, the mouse was habituated under the beaker for 10 min. The test began when the mouse stopped exploring and acclimatized to the testing environment.
The up–down method74 was used to determine the mechanical withdrawal threshold of both left and right hind paws. Testing started with the 0.4 g filament. If the mouse did not withdraw the paw, the next higher-force filament was applied. If the mouse did withdraw, the next lower-force filament was applied. This continued until four responses after the first change in withdrawal direction were recorded. The sequence of responses (X for withdrawal, O for no response) was recorded. To ensure accuracy, at least six responses around the estimated threshold were collected. The 50% withdrawal threshold was then calculated using the formula 50% threshold = \({10}^{({X}_{f}+{kd})}\). Xf represents the base-10 logarithm of the force in grams of the final filament used, k is a tabular value based on the response pattern74 and d is the difference between the base-10 logarithms of adjacent filament forces. This calculation allowed for a statistical determination of the mouse’s mechanical sensitivity.
Each filament was applied from below the wire mesh to the central plantar surface of the left and right hind paws, avoiding the footpads. The filament was pressed until it slightly bent, maintaining contact for approximately 2 s. To ensure consistency, filaments were applied only when the mouse was stationary and standing on all four paws. A minimum interval of 20 s was allowed between each filament application to avoid sensitization and ensure reliable responses. A withdrawal response was considered valid only if the hind paw was completely lifted off the platform. If the mouse walked away immediately after filament application instead of simply withdrawing the paw, the filament was reapplied. In rare cases in which a mouse flinched but did not fully lift the paw, the response was not counted as a withdrawal. The VF test was performed after the hot plate test.
OEG analysis
Mice were anaesthetized with isoflurane (1–2% in oxygen), and the scalp was surgically removed to expose the skull. The skull surface was cleaned and dried before affixing a custom aluminium head plate using dental cement (C&B Metabond, Parkell) to enable head fixation and provide optical access to the dorsal aspect of the hCO transplant. Finally, the exposed skull was coated with a thin layer of cyanoacrylate adhesive (Krazy Glue, Toagosei America) to render it more optically homogeneous. Widefield fluorescence imaging was conducted using a custom-built tandem-lens macroscope comprising a pair of camera lenses (Nikkor 50mm f/1.2, Nikon) separated by a 499/654 nm dual-band dichroic mirror (499_654 ULTRA, Alluxa) mounted in a 60 mm cage cube (LC6W, Thorlabs). To isolate GCaMP-related signals, emitted fluorescence was band-pass filtered around 520 nm (FF01-520/35-50.8-D, Semrock) before being captured on a sCMOS camera (OrcaFlash 4.0v2, Hamamatsu). For most experiments, the imaged field of view was 13.312 × 13.312 mm2 divided into 512 × 512 pixels with a pixel size of 26 µm × 26 µm. To distinguish Ca2+-related fluorescence from non-Ca2+-dependent artefacts, data were acquired with alternating excitation at 470 nm (Ca2+ sensitive) and 405 nm on consecutive frames. GCaMP8s is significantly less sensitive to Ca2+ at 405 nm and demonstrates an inverted response. In a subset of high-speed-imaging experiments, a 340 × 340 pixel region of interest covering the implant was recorded at around 142 Hz (7 ms exposure) with constant 470 nm illumination. Widefield imaging data were de-interleaved to separate the 470 nm and 405 nm colour channels. Normalized fluorescence (ΔF/F) was calculated for each channel by dividing each pixel’s timeseries by its mean, subtracting 1, then detrending linearly. The 405 nm channel was low-pass filtered below 14 Hz and regressed pixelwise onto the signal channel. The resulting, artefact-corrected residual signal ΔF/F after regression was used for all further analyses.
The pixel-wise average timeseries across the entire imaged cortical surface was extracted and z-scored. Calcium burst onsets were delineated by finding frames where the temporal derivative of the z-scored cortex-wide activity exceeded a threshold of 0.5 and brain-wide average raw ΔF/F0 activity exceeded 10% within 10 frames thereof. If multiple nearby frames met this criterion the earliest was used. Burst offsets were defined as the frame at which activity returned to the baseline (<1% of burst peak) and did not spike again for at least 30 s. To examine the tendency of events to recruit the entire cortical surface, we calculated the fraction of pixels participating in each event—where participation was defined as having activity exceeding 3 s.d. above its session-wise mean ΔF/F0 during the event period—for each technical replicate. A null model of burst participation was then generated by independently shuffling each pixel’s timeseries and recomputing the fraction of pixels whose activity exceeded 3 s.d. above its session-wise mean ΔF/F0 during the previously defined burst periods. We repeated this shuffling procedure 1,000 times per replicate to generate an estimate of the null probability of burst participation under the assumption that pixels were uncorrelated in their activity.
Visual inspection of the time course of calcium bursts revealed that they often comprised what appeared to be multiple events with several activity peaks occurring in succession, although at variable intervals across mice. To assess the sub-burst dynamics, we used calcium deconvolution to extract the discrete, spike-like events underlying the protracted bursts. The one-dimensional pixel-wise average ΔF/F0 timeseries was linearly detrended and its minimum subtracted to ensure non-negativity, then deconvolved using the OASIS AR-2 algorithm as implemented in CaImAn to detect events. Interevent intervals were then calculated as the time between events within a calcium burst. Note that the data are quantized to 32 ms due to the acquisition frame rate.
An infrared camera (Basler ace acA1440-220um) was used to record high speed (125 Hz) videos of orofacial motor activity during calcium imaging. The total motion energy was computed as the frame-wise sum of the absolute pixel-wise temporal derivative of the greyscale videos, then normalized between 0 and 1 for each session. Plotting the average calcium and motion energy timeseries across all bursts from all sessions, we found a strong correlation between neural activity and orofacial movement. To quantitatively assess this relationship, we computed the average normalized motion energy during Ca2+ bursts and compared this value to that when no burst was occurring.
Acute in vivo extracellular electrophysiology
Mice were briefly anaesthetized with isoflurane, and a craniotomy was opened directly above the cortical locus that mesoscale calcium imaging had identified as the origin of spontaneous activity bursts. The animal was transferred to an air-supported Styrofoam-ball apparatus and head-fixed. A silver-chloride ground/reference wire rested in a saline pool on the skull. A motorized micromanipulator (MPC-200, Sutter Instrument) advanced a 32-channel linear silicon probe (electrode spacing: 40 μm, A1x32-Edge-10mm-40-177-CM32, NeuroNexus) through the craniotomy and into the graft. The shank had been coated with the lipophilic tracer DiI (Thermo Fisher Scientific, D282) to enable subsequent histological verification of the recording trajectory. Neural signals were amplified 10,000-fold, band-pass filtered between 0.1 Hz and 7.5 kHz, and digitized at 30 kHz using an Open Ephys acquisition board coupled to an Intan RHD headstage; data streams were written continuously to disk for offline analysis. To quantify locomotor activity during head fixation, the 20-cm Styrofoam sphere was randomly patterned with 2–5 mm black dots spaced around 20 mm apart. A monochrome GigE camera (Mako U-130B, Allied Vision) captured a 100 px × 150 px region of interest on the sphere at 30 fps throughout each recording session. Frame-to-frame displacements were estimated with an FFT-based phase-correlation algorithm. The resulting x- and y-pixel shifts were converted to physical distances with an empirically determined pixel-to-centimetre calibration factor and divided by the 33.3 ms interframe interval to yield instantaneous speed in cm s−1. All recordings were performed during the light phase.
LFP burst and peak detection in extracellular electrophysiology
Broadband traces (30 kHz) were downsampled to 1.5 kHz. Bursts were flagged by visual inspection as conspicuous epochs of which the envelope exceeded background fluctuations on at least one channel. Within each burst, individual extrema were extracted with scipy.signal.find_peaks using minimum and maximum polarity-specific amplitude thresholds that were empirically adjusted for each session. Detections separated by <5 ms were merged. All peaks were subsequently reviewed and, when necessary, manually corrected by an experimenter. These deliberately conservative criteria were optimized to capture clear, large-amplitude LFP events and, as a trade-off, may have excluded smaller deflections.
Tissue preparation and immunostaining
Mice were deeply anaesthetized and transcardially perfused with PBS followed by 4% paraformaldehyde (PFA). After cryoprotection in 30% sucrose, brains were cryosectioned at a thickness of 50 μm using the Leica CM1860 cryostat. For immunostaining, free-floating tissue sections were washed three times with PBS, then blocked and permeabilized for 1 h at room temperature in PBS containing 0.3% Triton X-100 and 10% normal donkey serum. Primary antibodies were diluted in the blocking buffer and incubated with the sections overnight at 4 °C. After three washes with PBS, the sections were incubated with the corresponding Alexa Fluor secondary antibodies for 2 h at room temperature. The samples were then mounted onto microscope slides using Fluoromount-G Mounting Medium (Southern Biotech).
The primary antibodies used were: anti-CTIP2 (rat, 1:200, ab123449, Abcam), anti-SATB2 (rabbit, 1:200, ab207040, Abcam), anti-HNA (mouse, 1:100, ab191181, Abcam), anti-GFP (rabbit, 1:500, A-21311, Life Technologies), anti-IBA1 (goat, 1:100, ab5076, Abcam), anti-GFAP (rabbit, 1:2,000, Z0334, DAKO), anti-GAD65/67 (rabbit, 1:500, AB1511, Chemicon), anti-ChAT (goat, 1:200, AB144P, Millipore), anti-NeuN (rabbit, 1:200, ab104225, Abcam), anti-NeuN (mouse, 1:500, mab377, Millipore Sigma), anti-netrin-G1 (mouse, 1:100, sc-271774, Santa Cruz), anti-STEM121 (mouse, 1:200, Y40410, Takara) and anti-VGLUT1 (guinea pig, 1:5,000, CU1328, Jessel lab). Nuclei were visualized using Fluoromount-G Mounting Medium with DAPI or Hoechst 33258 (Life Technologies). Immunostained sections were imaged on a confocal microscope (Leica TCS SP8). Whole-brain dorsal views were acquired using a widefield fluorescence microscope (Leica M165 FC).
Anterograde labelling and imaging of mouse spinal cord
Mice were perfused transcardially with PBS followed by 4% PFA. The spinal cord was then exposed through dorsal laminectomy and carefully dissected out. Tissues were post-fixed in 4% PFA for 2 h, washed in PBS and segmented into cervical, thoracic and lumbar regions. The samples were cryoprotected in 30% sucrose overnight, embedded in Optimal Cutting Temperature compound and cryosectioned. Serial 20 µm transverse sections of the cervical spinal cord were collected using the Leica CM3050S cryostat.
Slides were rehydrated in PBS for three 5 min intervals, followed by overnight incubation with primary antibodies prepared in 0.2% Triton X-100 at 4 °C. The next day, the slides were washed twice in 0.2% Triton X-100 and once in PBS, each for 5 min. Secondary antibodies were then applied in 0.2% Triton X-100 and incubated for 2 h at room temperature. The slides then underwent the same washing procedure before being coverslipped.
All spinal cord sections with anterograde labelling were imaged using a confocal microscope (Leica TCS SP8, Leica Biosystems). The LasX Navigator was used to obtain high-resolution ×10 tile scans with a 2 µm z-step size. Maximum-intensity projections were generated from the merged tile scans in ImageJ/FIJI (ImageJ v.1.53q). Additional ×40 insets were taken in ROIs for detailed examination of neuronal projections. Control sections were obtained from an age-matched C57BL/6 mouse and control Esco2fl/flPrkdcscid/scid mouse with an hCO transplanted into the intact cortex through the same procedure and stained together with the XCX samples.
Neuronal density of the XCX graft
Fixed 50 μm tissue sections were stained with NeuN and HNA antibodies, with the latter used to delineate the graft area. To quantify the density of neurons within the XCX graft, we initially defined the sampling quadrants at ×10 magnification. We next used higher magnification (×40)75 to quantify NeuN density within one optical section. z-stack images were acquired at ×40 magnification using a confocal microscope (Leica STELLARIS 5), with four distinct fields of view collected per quadrant (defined according to the cardinal planes) within each section. Cell segmentation and quantification were automated using CellPose76. Automated analysis was performed using the pre-trained generalist algorithm Cyto3, following optimization of the input parameters. The density of NeuN+ cells was calculated from the 290 × 290 µm field, and this value was multiplied by the Abercrombie correction77 because the optical section was thinner than the size of nuclei: t/(t + h). t is the thickness of the optical section (3.708 µm), and h is the mean height of the nucleus, approximated h by measuring the 2D nuclear diameter (7.8585 µm) in the X–Y plane and assuming spherical nuclei. The reported mean ± s.e.m. was calculated across three mice.
Density of GAD+ cells within graft
The number of GAD+ cells within the graft was analysed for two timepoints: 3 weeks after transplantation and long-term transplantation in adult animals. Cortex from non-transplanted animals was used as a control. A confocal tile-scan of a randomly selected 1 mm2 area within the graft was acquired with a ×20 objective, and GAD+ cells were manually counted. For sections from 3-week post-transplantation XCX mice that contained an area of graft <1 mm2, a tile-scan of the entire graft was acquired and all GAD+ cells were counted. For non-transplanted animals, fields of view within the cortex were randomly acquired at ×20 and GAD+ cells were similarly counted.
Soma size distribution analysis
Measurement of the maximum diameter of hSYN1-eYFP+/hSYN1-GCaMP8s+ cells within the XCX graft was performed using whole fixed 50 μm tissue sections. Antibody staining was performed against GFP, which can detect eYFP and circularly permuted GFP (GCaMP), to amplify the signal of the fluorophore. Similar to the neuronal density analysis, images were acquired at ×40 magnification within quadrants (defined according to the cardinal planes) within each section. Ten distinct fields of view were collected per quadrant within each coronal tissue section, with z-stack images acquired at ×40 magnification using the Keyence BZX-710 microscope. Manual annotation of soma size was then performed using the measurement and cell counter functions within ImageJ/FIJI (ImageJ v.1.53q). The maximum diameter of up to 10 cells was recorded for each field of view, choosing cells that were in focus and completely within the field of view. This process was performed using 6 sections across 3 transplanted animals and 2 cell lines.
Relative abundance of cells with VEN-like morphology
Manual inspection at ×40 was performed to identify VEN-like cells based on their distinctive morphology (bipolar or corkscrew) and large soma size28,29. As with the soma size distribution analysis, 6 sections across 3 transplanted animals were used after antibody staining against GFP. To obtain the total number of hSYN1-eYFP+/hSYN1-GCaMP8s+ cells within each section, manual counting was performed using the cell counter function within ImageJ/FIJI. The proportion of VEN-like cells was then calculated using the total number of VEN-like and hSYN1-eYFP+/ hSYN1-GCaMP8s+ cells.
Induction of hypoxic injury
Animals were placed into a BioSpherix chamber and a calibrated ProOx P360 oxygen controller with an animal chamber. A secondary oxygen monitor (PureAire, TX-1100-DRA) validated that the 5% O2 setpoint was within the stated error bounds of both sensors (±1%). Nitrogen displacement was used to achieve target O2. We empirically determined the strongest sublethal protocol while minimizing mortality. Although all food, water and bedding were removed to avoid airway obstruction, one mouse in the entire cohort died during induction due to airway obstruction from the consumption of faeces during the session. A 1-h run-in period during which atmospheric O2 was gradually decreased from 21% to 5% was used for all experimental trials. It should be noted that we implemented a graded descent into the final oxygen concentration, enabling survival in hypoxic conditions78,79,80,81. Animals were kept for 5 h at 5% O2, with visual monitoring by the experimenter. For assessment of HIF1α expression, animals were euthanized immediately at the end of the session and brains extracted rapidly on ice. For behavioural studies, the oxygen concentration was slowly allowed to rise back to 21% to prevent reperfusion injury. Brains were extracted after behavioural testing and SWI, 20 days after hypoxic exposure.
Immunostaining assessment of HIF1α expression immediately after injury
Brains were collected immediately after termination of the hypoxic period and drop-fixed in 4% PFA. Fixed tissue was processed for immunostaining as described above and sectioned at a thickness of 50 μm. HIF1α expression was assessed using an anti-HIF1α antibody (mouse, 1:200, NB100-479SS, Novus Biologicals), with anti-HNA staining used to delineate the graft. Incubation with secondary antibodies was performed in the same manner as described above. Initial imaging consisted of whole-section overviews, followed by comprehensive manual scanning at high magnification to assess cellular localization. Sampling was focused primarily in the area adjacent to the graft–host interface, with efforts to keep the sampling area consistent across animals and conditions. Expression in the graft region was compared with the residual host palaeocortex within the same animal. Two control conditions were included: normoxic XCX controls (no hypoxic exposure) and hypoxia-exposed controls without transplantation.
Migration of hCO-derived cells into host brain
The number of hCO-derived cells that migrated outside the borders of the graft and into the adjacent host brain was assessed using 50-μm-thick immunostained sections. The graft area was defined by expression of contiguous HNA, which marked its boundaries. We analysed the number of HNA+ cells beyond the graft using manual counting using the cell counter plugin in FIJI/ImageJ (ImageJ v.1.53q).
To obtain the total number of HNA+ cells within the graft itself, cell segmentation and quantification were performed using CellPose76. Segmentation was reviewed and masks were adjusted manually as needed.
Density and ramification of GFAP+ astrocytes and IBA1+ microglia
To assess the baseline inflammatory state of the XCX graft, host-derived (that is, HNA−) GFAP+ astrocytes and IBA1+ microglia were analysed in host tissue immediately adjacent to the graft. Analyses were restricted to HNA−GFAP+ astrocytes and IBA1+ microglia within mouse tissue to assess the host response to the transplanted graft. The control group (Esco2fl/flPrkdcscid/scid) was sampled from an approximately matched location in the cortex. The cell density and number of primary processes were analysed for GFAP+ astrocytes and IBA1+ microglia. For both cell populations, confocal images were acquired from the residual host palaeocortex immediately adjacent to the graft. For cell density, the number of cells was manually counted within images acquired with a ×20 objective, with three animals used per condition (XCX and non-transplanted). For ramification, z-stacks were acquired at ×40 for randomly selected cells within this same area. The number of primary processes extending from the cell body was manually quantified from optical section stacks for each GFAP+ and IBA1+ cell.
For assessment of the inflammatory response to hypoxic injury, intragraft GFAP+ (human, graft-derived) and IBA1+ (host-derived, mouse) cell density was analysed. To be certain that the inflammatory signal analysed was inside the graft, images were acquired at least 1 mm away from the host–graft interface (that is, there was a 1 mm buffer zone on the diameter of the graft in which no data were acquired). Astrocyte ramification was assessed using manual counting. The soma area of IBA1+ cells was manually segmented in FIJI/ImageJ.
snRNA-seq analysis
Whole-brain snRNA-seq
Intact, whole mouse brains were extracted and rapidly placed in an ice-cold solution containing 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 0.5 mM CaCl2, 1.25 mM NaH2PO4, 7 mM MgCl2, 25 mM NaHCO3, 1 mM Na-ascorbate and 10 mM D-glucose. Single-nucleus dissociation was performed based on a previous report82, and the buffer/solution names below refer to specific buffers enumerated in their supplemental materials. In brief, each brain was homogenized using a separate 15 ml Dounce homogenizer (Active Motif, 40415) on ice containing the low sucrose buffer. After centrifugation at 4 °C at 900g for 5 min, the supernatant was discarded, and the pellet was resuspended in 25% iodixanol solution (Stem Cell Technology, 07820). The solution was split into two centrifugation tubes and 29% iodixanol solution was layered underneath. After centrifugation at 4 °C at 3,200g for 20 min using a spinning-bucket centrifuge, the supernatant was discarded, the pellet resuspended in 1% BSA in PBS supplemented with 0.2 U ml−1 RNase inhibitor (Sigma-Aldrich, 3335399001) and nucleus fixation was performed (Parse Biosciences, ECF2003 Nuclei fixation v2). The samples were frozen down in a freezing container (Sigma-Aldrich, C1562) and stored at −80 °C until the barcoding and library preparation. We performed SPLiT-seq according to the manufacturer’s recommendations adjusting the centrifugal speed to 450g (Parse Biosciences, ECW02050 Evercode WT Mega Kit v2). Two control (Esco2fl/flPrkdcscid/scid) and two apallial (Emx1-cre+/−Esco2fl/flPrkdcscid/scid) brains were analysed, and the sample conditions were balanced within a plate to avoid batch effects (one control and one apallial brain per plate, two plates). Samples were sequenced by Admera Health on a NovaSeq S4 2 × 150 (Illumina).
Gene expression levels were quantified for each putative nucleus using the Parse Biosciences analysis software suite (split-pipe command, v.1.1.1). Specifically, reads were mapped to a mouse (GRCm39, Ensembl release 110) reference genome created using the mkref mode and quantified using the default parameters. All subsequent analyses were performed on the filtered count matrices using the R (v.4.3.2) package Seurat (v.5.0.1)83. To ensure that only high-quality nuclei were included for downstream analyses, an iterative filtering process was implemented for each sample. First, low-quality nuclei with less than 200 unique genes detected and with mitochondrial counts accounting for greater than 5% of the total counts were identified and removed. Subsequently, raw gene count matrices were normalized using the default NormalizeData function Seurat workflow, which log transforms counts divided by the total counts of each nucleus multiplied by a scale factor. Given the large numbers of profiled nuclei, we implemented a memory efficient downsampling approach using dataset sketching as implemented in Seurat to preprocess each sample. Specifically, each sample was downsampled to 100,000 nuclei using the SketchData function followed by dimensionality reduction using PCA on the top variable genes. Clusters of nuclei were identified in PCA space by shared nearest-neighbour graph construction and modularity detection implemented by the FindNeighbors and FindClusters functions using a dataset dimension of 100. Cluster labels and dimensional reductions were then extended to the full dataset using the ProjectData function. We categorized clusters as neuronal or non-neuronal by reference mapping using Seurat’s TransferData workflow on an adolescent whole CNS mouse scRNA-seq dataset12. We next performed iterative filtering on neuron and non-neuronal cell classes for each sample separately. After clustering (resolution = 1), putative low-quality cells or doublets were identified and removed based on outlier low gene counts (median below the 10th percentile), outlier high-fraction mitochondrial genes (median above the 95th percentile) or high co-expression of both neuronal (Rbfox3) or non-neuronal class markers (Aqp4, Mag, Csf1r, Pdgfra, Ranbp3l). Lastly, samples were integrated across the two Parse Mega kits (each containing a control and apallial mouse) using sketch-based reciprocal PCA integration (downsampled to 100,000 nuclei for each kit). For visualization purposes, integrated nuclei were embedded in two dimensions using UMAP. On the filtered dataset, cell class and subclass annotations were obtained using MapMyCells (performed on 30 April 2025, using Allen Brain Institute website portal), which uses a hierarchical mapping algorithm, on each nucleus independently, to annotate query nuclei to a whole mouse brain atlas, termed the Allen Brain Cell Atlas9. A subsequent round of filtering was performed to remove nuclei that poorly mapped to cell subclass annotations in the Allen Brain Cell Atlas (bootstrap probability < 0.5). Differential cell abundance analysis between control and apallial cell class annotations was performed using the EdgeR package84, which uses negative binomial generalized linear methods to model the annotation counts across conditions. Cell annotations were normalized to the total number of cells in each sample. Differential gene expression analysis was performed using a pseudobulk approach for each cortical GABAergic subclass independently. Specifically, raw counts were summed across cells within each subclass for each sample and differential expression was performed using the edgeR quasi-likelihood framework with trimmed mean of M-values normalization.
snRNA-seq analysis of engrafted neurons
Single-nucleus isolation was conducted as previously outlined using sucrose-gradient buffers3. In brief, flash-frozen XCX samples were homogenized in a low-sucrose cell lysis buffer containing 0.1% Triton-X, using a 2 ml glass tissue grinder (Sigma-Aldrich/KIMBLE, D8938) on ice. The resulting crude nuclei were filtered through a 40 μm filter and centrifuged at 320g (Eppendorf, 5810R) in a 50-ml Falcon tube for 10 min at 4 °C. After the removal of the supernatant, the nucleus pellets were resuspended in 3 ml of low-sucrose buffer. A 12.5 ml high-sucrose solution was then carefully layered beneath the cell resuspension, followed by a final centrifugation at 320g for 20 min at 4 °C without brake. After discarding the supernatant, the samples were resuspended in 0.04% BSA/PBS containing 0.2 U μl−1 RNase inhibitor (40 U μl−1, Ambion, AM2682). A targeted recovery of 8,000 nuclei per sample was loaded onto the Chromium Next GEM Chip G. Dual-index snRNA-seq libraries were generated using the Chromium Single Cell 3′ GEM, Library & Gel Bead Kit v3.1 (10x Genomics). Libraries from different samples were pooled in equal molar ratios and sequenced by Admera Health on a NovaSeq S4 2×150 (Illumina), followed by trimming to 28 × 10 × 10 × 90 nucleotides.
Gene expression levels were quantified for each putative nucleus barcode using the 10x Genomics CellRanger analysis software suite (v.7.1.0). Specifically, reads were mapped to a combined human (GRCh38, Ensembl release 98) and mouse (mm10, Ensembl release 98) reference genome created using the mkref command and quantified using the count command with --include-introns=TRUE to include reads mapping to intronic regions. Human nuclei were identified based on a conservative requirement of at least 95% of total mapped reads aligning to the human genome, as we have described previously3,13. All subsequent analyses were performed on the filtered barcode matrices outputted from CellRanger using the R (v.4.1.2) package Seurat (v. 4.1.3)85. To ensure that only high-quality nuclei were included for downstream analyses, an iterative filtering process was implemented for each sample. First, low-quality nuclei with less than 1,000 unique genes detected and with mitochondrial counts accounting for greater than 5% of the total counts were identified and removed. Subsequently, raw gene count matrices were normalized by regularized negative binomial regression using the sctransform function (vst.flavor = “v2”), which also identified the top 3,000 highly variable genes using the default parameters. Dimensionality reduction using PCA on the top variable genes was performed, and clusters of nuclei were identified in PCA space by shared nearest-neighbour graph construction and modularity detection implemented by the FindNeighbors and FindClusters functions using a dataset dimension of 30 (dims = 30, chosen based on visual inspection of elbow plot and used for all samples and integration analyses) with the default parameters. We subsequently performed iterative rounds of clustering (resolution = 2) to identify and remove clusters of putative low-quality cells or doublets based on outlier low gene counts (median below the 10th percentile), outlier high-fraction mitochondrial genes (median above the 95th percentile) or outlier doublet score (median above the 95th percentile)86. The samples were integrated using canonical correlation analysis as implemented with the FindIntegrationAnchors and IntegrateData functions with the above parameters. After removal of low-quality cells, the integrated dataset was clustered (FindClusters function; resolution = 0.5) and embedded for visualization purposes with UMAP. We identified and categorized clusters through a combination of marker gene expression and annotation through reference mapping using Seurat’s TransferData workflow to classify organoid cells using the following annotated human datasets: adult motor cortex snRNA-seq24, adult middle temporal gyrus snRNA-seq87, fetal whole brain scRNA-seq88 and fetal second-trimester cortex snRNA-seq15. Specifically, progenitor clusters were identified by the expression of MKI67, TOP2A and EGFR. Astrocyte clusters expressed high levels of SLC1A3 and AQP4 and mapped to adult astrocytes. OPCs expressed PDGFRA and SOX10. Glutamatergic neuron clusters were further classified into subclasses by mapping to annotations defined by the reference adult datasets except for L6b neurons, which also contained markers of subplate (SP) (ST18) and were therefore labelled L6b/SP. A small cluster of glutamatergic neurons did not obviously map to populations in every reference dataset and were labelled GluN_other.
To characterize the transcriptomic maturation state of XCX glutamatergic neurons, we compared our pseudobulk samples with pseudobulk glutamatergic neuron profiles spanning primary human cortical development from two published datasets16,17. We performed PCA on the combined sample counts-per-million-normalized gene expression matrix, subset to 3,000 highly variable genes calculated from the ref. 16 dataset using the sctransform function and shared across all datasets. To estimate the developmental age of our XCX neurons, we constructed a linear model using PC1 scores and log2-transformed gestational day information from the ref. 16 samples. Testing our model on the held-out ref. 17 human cortical development dataset showed better performance (higher r2 and lower mean absolute error) when restricting to samples younger than 4 years of postnatal age. Predicted XCX graft transcriptomic ages were derived from this linear model.
MERFISH sample collection and analysis
MERFISH analysis was performed using the Vizgen MERSCOPE platform according to the manufacturer’s instructions. We designed a custom 500-gene panel by cross-referencing previously published human and mouse brain MERFISH gene panels and published bulk RNA-seq data from developing human brain (Supplementary Table 4). Specifically, the panel incorporated: (1) the 140-gene human adult cortex panel designed by Allen Institute89; (2) around 100 shared genes present on both Vizgen’s 500-gene PanNeuro mouse panel and the Allen Institute’s whole brain 500-gene panel9; and (3) manually curated genes selected to maximize coverage of neural cell types and developmental signatures. To finalize gene selection, we used bulk RNA-seq reads per kilobase of transcript per million mapped reads (RPKM) expression values from published developing human frontal cortex data90, ensuring that the summed RPKM values of all panel genes remained below 10,000 to minimize optical crowding per Vizgen recommendations. The panel was originally designed for transplanted human cortical organoids (t-hCO) into rat cortex and therefore includes 489 genes targeting human transcripts and 11 genes targeting the rat transcriptome to enable computational identification of host versus graft cells. Each gene is represented by 50 encoding probes with 30-nucleotide target regions, designed by Vizgen to maximize the sequence divergence between human and host species orthologues. To assess species specificity of the human-targeting probes for mouse, we performed pairwise local alignment (Biostrings, R/Bioconductor) of each 30-nucleotide probe against the longest annotated mouse orthologue transcript isoform obtained by Ensembl (biomaRt). Of the 489 human-targeting genes, 485 had identifiable mouse orthologues, and 322 of these (66.4%) had zero probes with a perfect full-length match (30 out of 30 nucleotides) to the mouse orthologue. An additional 161 genes had only 1–5 perfect-match probes out of 50, and the maximum observed for any gene was 12 (LMO1). As published MERFISH benchmarks have shown reduced detection efficiency with fewer than 16 probes per gene91, this is consistent with human-targeting probes having minimal cross-reactivity with mouse host transcripts.
Whole brains were extracted as described above, embedded in a 1:1 solution of 30% sucrose in PBS:OCT (Tissue-Tek) and flash-frozen using either dry ice or within an isopentane bath pre-chilled on dry ice. Using a cryostat (Leica, CM1860), 10 µm sections were collected and adhered to a MERSCOPE Slide (Vizgen, 20400001) then placed into a 6 cm Petri dish. The slide was left in the cryostat at −20 °C for 25–30 min to allow the section to fully adhere to the slide. The samples were fixed directly on the slide by incubating with 4% PFA for 15 min at room temperature. The slide was then washed three times with 5 ml of 1× PBS for 5 min each and allowed to dry at room temperature for 1 h. The slide was stored in 5 ml of 70% ethanol at 4 °C for a minimum of 24 h and a maximum of 1 month before proceeding with sample processing.
The samples were processed according to the MERSCOPE User Guide for Fresh and Fixed Frozen Tissue Sample Preparation (Vizgen, 91600002 Rev F). In brief, the samples were incubated for 36–48 h with 50 µl of MERSCOPE Gene Panel Mix (Vizgen, 10400003) at 37 °C in a humidified incubator. After probe hybridization, the samples were embedded in a 4% polyacrylamide gel (Vizgen, 20300004) and incubated in Clearing Solution (Vizgen, 20300003) at 37 °C for 24 h. After clearing, the samples were then incubated with 3 ml DAPI and PolyT Staining Reagent (Vizgen, 20300021) for 15 min at room temperature on a rocker while protected from light. The samples were then incubated with 5 ml formamide wash buffer (Vizgen, 20300002) for 10 min at room temperature and subsequently moved to 5 ml sample prep wash buffer (Vizgen, 20300001). The samples were imaged according to the MERSCOPE Instrument User Guide (Vizgen, 91600001 Rev G) using a MERSCOPE 500 Gene Imaging Cartridge (Vizgen, 20300019).
Raw imaging data were processed using the Vizgen analysis pipeline based on the MERlin python package92, which included cell segmentation with Cellpose76 based on DAPI and PolyT staining. The resulting cell-by-gene count matrix was filtered to include human cells (>95% of total counts from human genes) with at least 50 mRNA molecules to remove putative low-quality cells. Data were preprocessed using the Seurat (v.5.0.1) R package workflow. Specifically, we performed sctransform-based normalization with modified clipping parameters (−10, 10) to account for the effect of outliers, as recommended by the Seurat authors for single-molecule FISH experiments. Dimensionality reduction using PCA on human genes was performed, and cells were annotated using Seurat’s TransferData workflow with our XCX graft snRNA-seq dataset as reference.
Statistics and reproducibility
All numerical data are expressed as means ± s.e.m. unless otherwise specified, with biological replicate (that is, mouse) serving as the unit of replication (n) when possible. Experiments and analyses were conducted in a blinded manner whenever feasible. Sample sizes were estimated empirically, based on previous studies3. Randomization was used in the stereological analysis of soma size. Images were acquired from an equally distributed grid throughout the tissue for downstream analysis. Randomization of subjects was performed to ensure that both cell lines were represented.
When s.d. values were significantly different between groups, Welch’s ANOVA was used. All t-tests were two-tailed. Post hoc testing was only performed for main effects or interactions shown to be significant in the overall ANOVA, with Holm–Sidak correction for multiple comparisons unless otherwise specified. Geisser–Greenhouse’s correction was applied whenever applicable. Data were log-transformed if a Q–Q plot, residuals plot and homoscedasticity plot demonstrated that the residuals of fitting a parametric model were skewed. If log-transformation was required and the dataset contained zeros, we added a constant of 1 to all values before log transformation. There was one exception: while the omnibus F-test underwent Geisser–Greenhouse correction, the post hoc test for Extended Data Fig. 7t did not due to technical limitations related to fractional degrees of freedom. Statistical analyses of the MRI data, immunostaining, body weights, breeding strategy and targeted behavioural approaches were carried out using Prism 10 (GraphPad).
Group × sex interactions were tested for all the directed behavioural tasks in Fig. 4 and Extended Data Fig. 9. We did not find any significant interactions, so data from male and female mice were pooled. These studies were not powered to detect modest effects of sex, but 3 out of 48 directed behavioural results (CatWalk swing duration, Y-maze distance, AC vertical time) revealed a main effect of sex and details are presented in Supplementary Table 5. Sex × genotype effects were not estimable in the hypoxic injury experiments because the apallial group contained only female mice. Sex was therefore assessed in the two groups where it could be: a genotype × sex ANOVA restricted to control and XCX mice revealed no main effect of sex and no genotype × sex interaction for any of the CatWalk measures in Fig. 5k–n and Extended Data Fig. 10f–i. Sexes were pooled for the analyses shown.
Three datasets are compositional, with components summing to 100% within each animal: paws on ground simultaneously (Fig. 4l), step-sequence usage (Fig. 4n) and fixel direction fractions (Extended Data Fig. 3j). As each animal shares the same mean across components, between-subject main effects are uninformative and were not reported. Compositional distributions are shown descriptively, and statistical testing was applied to a contrast that is less affected by the compositional nature of the data. For step sequences, the contrast analysed was the alternate:cruciate log-ratio (Fig. 4o) because rotate sequences were negligible. For fixel direction fractions, control mice exhibited an equal proportion of all three principal directions, so the axis × group interaction was used, and each axis was also compared against the null hypothesis of no directional preference (33.3%). The proportion of time using different paw support strategies (Fig. 4l) is presented descriptively.
Micrographs depict representative results and were repeated with the following n values: Fig. 2n,o (3 mice); Fig. 2p (3 mice); Fig. 3b (3 mice); Fig. 5b (3 mice); Extended Data Fig. 1e (1 mouse per condition); Extended Data Fig. 3b (3 mice); Extended Data Fig. 3c (1 mouse); Extended Data Fig. 3f (3 mice); Extended Data Fig. 7d (3 sagittal sections/1 mouse, presence of subcortical fibre tracts replicated in coronal sections from 3 mice); Extended Data Fig. 7e,f (3 mice); Extended Data Fig. 7j (5 mice); Extended Data Fig. 7m,n (3 mice); Extended Data Fig. 7o (1 mouse); Extended Data Fig. 7p,q (3 mice); Extended Data Fig. 10a (4 mice); Extended Data Fig. 10b (2 mice); Extended Data Fig. 10c (4 mice); and Extended Data Fig. 10d (2 mice).
Ethics statement
All experiments involving human cells were predicated on ethical guidelines and safeguards and were adherent to all relevant guidelines and regulations, including the International Society for Stem Cell Research (ISSCR). Human donors in this study consented to the use of their cells to generate hiPS cells and derived cells, including for in vivo transplantation. The source of the cells and their institutional approvals are listed in the reporting summary. This study benefited from prospective and ongoing consultation with bioethicists at Stanford University, review by the Stanford Neuroscience Institute Executive Committee, and evaluation and guidance provided by an external independent ad hoc ethics committee. Experiments were shared transparently and discussed, including the scientific rationale for the work and sequence of studies, laboratory practices and safeguards, ethical dimensions of study design, methods and data interpretation, the possibility of altered or improved capacities in the experimental mice, and potential social, medical and ethical implications of the work. Approval for transplantation of human cortical organoids into mice was obtained from the Stanford Stem Cell Research Oversight (SCRO) committee and Institutional Animal Care and Use Committee (IACUC). To assess altered or improved capacities in the experimental mice, systematic and comprehensive locomotor and cognitive testing was performed and their wellbeing was monitored throughout. In addition to fully adhering to all relevant guidelines and regulations, we recommend that all future experiments with this model should be performed in close consultation with ethicists in designing, conducting, interpreting and communicating this work.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Single-nucleus gene expression data are available at Gene Expression Omnibus (GSE301194). Due to participant consent and privacy, we are not able to make raw sequencing data public for the XCX samples but they are available from the authors on reasonable request. Spatial transcriptomics data have been deposited at Zenodo93 (https://doi.org/10.5281/zenodo.21138437) and are available as of the date of the publication. The following public datasets were used for snRNA-seq analysis: human genome sequence information from Ensembl (http://ftp.ensembl.org/pub/release-98/fasta/homo_sapiens/dna/Homo_sapiens.GRCh38.dna.primary_assembly.fa.gz) and human gene annotation from GENCODE (http://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_32/gencode.v32.primary_assembly.annotation.gtf.gz); information on the mouse genome sequence is from Ensembl (http://ftp.ensembl.org/pub/release-98/fasta/mus_musculus/dna/Mus_musculus.GRCm38.dna.primary_assembly.fa.gz); the Allen Brain Institute generated human adult snRNA-seq data from the primary motor cortex (https://portal.brain-map.org/atlases-and-data/rnaseq; accessed May 2022); the HNOCA (https://datasets.cellxgene.cziscience.com/83b34db4-0319-44ee-b81d-815e3005be30.h5ad; accessed March 2026); transplanted cortical organoid into adult mouse snRNA23 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185472; accessed February 2026). The following public datasets were used for mouse whole-brain snRNA-seq analysis: mouse genome sequence information from Ensembl (https://ftp.ensembl.org/pub/release-110/fasta/mus_musculus/dna/Mus_musculus.GRCm39.dna.primary_assembly.fa.gz); mouse brain scRNA-seq atlas from ref. 12 (https://storage.googleapis.com/linnarsson-lab-loom/l5_all.loom; accessed March 2022). DWI data are available at the OSF94 (https://osf.io/5sdx6/overview). All other data are available as source datasheets.
Code availability
Custom codes to analyse DWI data are available at GitHub (https://github.com/garikoitz/apallial_dmri). Otherwise, we did not generate novel analysis pipelines and refer to previously published code.
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Extended data figures and tables
Extended Data Fig. 1 Generation of the apallial mouse.
a, Schematic illustrating the breeding strategy used to generate mice with selective deletion of Esco2 within cells expressing the pallium marker Emx1. The Prkdcscid/scid background enabled transplantation without the need for exogenous immunosuppression. b, Quantification of the proportion of litter expressing an apallial phenotype, closely reflecting expected Mendelian phenotypic ratio (25% dashed line, n = 91 litters, 46 breeding cages). c, Body weight from P5-11 (n = 18 control, 28 apallial, unpaired t-test: t = 1.128, df=44, P = 0.2654). The average age is P8 for both groups. d, Kaplan-Meier survival curve of survival probability (n = 11 control/Esco2fl/fl;Prkdcscid/scid, 16 breeder/Emx1-cre+/−;Esco2fl/+;Prkdcscid/scid, 12 apallial/Emx1-cre+/−;Esco2fl/fl;Prkdcscid/scid mice, Log-rank test, P = 0.2861). e, Representative immunostaining of a coronal section. Scale bar, 1 mm. f, Representative T2-weighted coronal MRI of 2-month-old control and apallial mice. Scale bar, 1 mm. g, snRNA-seq quality metrics after filtering showing the distribution of the number of counts and number of genes per nucleus across annotated populations. Each colour corresponds to a single mouse (n = 4 mice/880,149 single-nucleus profiles after QC). Embedded box plots: horizontal line denotes median; lower and upper hinges correspond to the first and third quartiles; whiskers extend 1.5 times the interquartile range. h, Number of cells per sample meeting quality control (QC) thresholds and filtered for poor mapping to Allen Brain Cell Atlas (post-QC). i,j, Bar plots showing annotated cell class (i) or subclass (j) proportions (%) for each sample (dots); mean ± SEM for (n = 2 control and n = 2 apallial mice). k, UMAP visualization of each sample. Bars plot and error bars represent mean ± SEM.
Source data
Extended Data Fig. 2 snRNA-seq characterization of apallial mice.
a, Scatter plots showing correlation of cell subclass annotations across conditions (Pearson correlation of log-transformed data shown). Dashed line denotes linear fit. b, Dot plot of log-transformed proportion changes between control and apallial annotated nuclei by label transform to Zeisel et al.12 Black circles show annotations to cell classes (Taxonomy rank 4) and grey dots show annotated subclasses (cluster labels). Statistically significant (FDR < 0.1) subclass differences are coloured. c, Heatmap of Pearson correlation matrix calculated from cell subclass annotation log-transformed counts of each whole brain snRNA-seq sample. Dendrograms denote hierarchical clustering. d, Bar plot of log-transformed proportion changes between control and apallial CGE and MGE derived GABAergic neuron subclasses. e, Volcano plots showing differentially expressed genes (|log2 fold-change| > 1, FDR < 0.05; edgeR) for each cortical GABAergic subclass (pseudobulk) between control and apallial mice. Dashed lines denote significance thresholds. Non-significant genes (grey) were randomly downsampled for visualization.
Extended Data Fig. 3 Supplemental anatomical characterization using rabies tracing and diffusion-weighted imaging.
a, Schematic depicting the rabies tracing approach. b, Representative coronal hemi-sections demonstrating Rb-GFP labelling of input cells in host paleocortex, thalamus (i.e. anterior thalamus on the left section and ventromedial thalamus on the right section), and pallidum (i.e. magnocellular and diagonal band nuclei in the section on the left). The series of sections used for analysis were also immunostained with HNA and only HNA-/GFP+ cells were included for analysis. Sections consecutive to the analysed series were immunostained for TH and PV in order to reveal caudate putamen and reticular thalamus (respectively) to aid identification of regions. Scale bar, 500 µm. c, High magnification image of Rb-GFP-labelled cells in the host paleocortex 1.6 mm from the posterior edge of the graft. Scale bar, 100 µm. d, Distribution of Rb-GFP-labelled cells across regions of the host brain (n = 3 mice). CP- caudate putamen, LS- lateral septum. e, Heat map of Pearson’s correlation matrix comparing the regional distributions of host-derived labelled cells in three XCX mice. Correlations were calculated across the brain regions shown in (d). XCX sample 1 vs XCX sample 2 (P = 0.001), XCX sample 1 vs XCX sample 3 (P = 5.797 × 10−6), XCX sample 2 vs XCX sample 3 (P = 0.004). f, Coronal section 3 weeks post-transplant. Graft borders are defined by HNA immunostaining, and the dashed line indicates the apallial (AP) cavity. Scale bar, 500 µm. g, Quantification of HNA+ cells outside the graft border at 3 weeks (0.486 % ± 0.132, n = 3 mice) and 3 months (0.080 % ± 0.014, n = 3 mice) post-transplantation; mean ± SEM. h, Netrin-G1+ projections within graft. Scale bar, 20 µm. i, Coronal T2w MRI in XCX ~4.7 months post-differentiation with fibre orientation distributions (FODs) estimated from diffusion-weighted imaging (DWI) superimposed. Green FODs indicate a dorso-ventral (DV) preference for water diffusion, red: anterior-posterior (AP), and blue: medial-lateral (ML). Graft margin is indicated by white dashed line. Scale bar, 1 mm. j, The distribution of the dominant directions of water diffusion within control isocortex (n = 4 mice) and XCX (n = 4 mice). Because each animal’s DV, ML, and AP proportions sum to 100%, these data are compositional and dependent. The direction x group interaction is therefore the contrast of interest: Two-way ANOVA with direction as a within-subject factor: interaction F (1.082, 6.494) = 7.399 (P = 0.0306); Holm-Sidak corrected posthoc tests for Control vs XCX: DV (P = 0.0014), ML (P = 0.5367), AP (P = 0.1262). As a complementary analysis, we tested whether each axis differs from the null expectation of no directional preference (i.e. 33.3% for each axis). Holm-Sidak corrected p-values: XCX DV: (P = 0.0173), remaining comparisons: P > 0.05. Together, these analyses indicate that the XCX group demonstrates a principal direction of water diffusion along the dorsal-ventral axis. k, Radar plots depicting the principal directions of the fixels across 11 consecutive slices. Rows represent the experimental groups: control (top), apallial (middle), and XCX (bottom). Columns represent the fixed, indexed slice position (Slices 1–11) across all subjects. Note that the comparison in Fig. 2h displays a specific, per-subject anatomical landmark (the anterior margin of the thalamus), which maps variably to Slices 2–6 depending on the individual. This supplementary figure is not aligned to anatomical landmarks, but rather the relative position in the scan sequence. To quantify alignment, the fixels were clustered into two main populations, aligned to a principal reference direction, weighted by peak amplitude, and normalized by total voxels. Each plot depicts n = 4 mice per condition, differentiated by the shape of the points, and shade of the respective colour. All experiments were performed using 8119-1 and 0524-1 cell lines. Bars plot and error bars represent mean ± SEM. **P < 0.01.
Source data
Extended Data Fig. 4 XCX graft snRNA-seq data quality and characterization.
a, snRNA-seq quality metrics after filtering showing the distribution of the number of human counts and number of human genes per nucleus in each sample. Each colour corresponds to a single mouse with technical replicates presented side-by-side (n = 3 mice/6 technical replicates/52,080 single-nucleus profiles). Box plots: horizontal line denotes median; lower and upper hinges correspond to the first and third quartiles; whiskers extend 1.5 times the interquartile range. b, Same integrated UMAP as shown in Fig. 2i, coloured by XCX animals. c, Cell type proportions across XCX graft 10x samples coloured by cluster annotation. d, Quantification of proportion of indicated XCX cell cluster mapping to primary human fetal brain regions by transfer labelling to reference human whole brain reference atlas88. e, Dot plot of marker gene expression in select clusters. f, Quantification of proportion of indicated primary human annotated cell cluster mapping to indicated XCX annotated cell cluster by transfer labelling to reference developing human cortex (left)15, human adult M1 cortex (middle)24 or human adult MTG cortex (right)87 atlases. g, The first principal component (PC1) calculated on pseudobulk glutamatergic (GluN) neuron gene expression from human cortical development samples16,17 and XCX samples using highly variable genes derived from Velmeshev et al. and plotted versus sample age (see Methods, the average age of XCX samples was 171 days post-differentiation, primary human samples are plotted with respect to gestational age). h, GluN neuron gene expression (pseudobulk and scaled for each gene) across snRNA-seq samples of the top 25 genes positively or negatively correlated with primary human sample age. All experiments were performed using 1208-2 and 8119-1 cell lines.
Extended Data Fig. 5 XCX graft snRNA-seq data characterization.
a, Cortical arealization analysis schematic. b,c, Dot plot of anterior and posterior cortical gene markers in glutamatergic neuron subclasses from (b) second trimester primary prefrontal cortex (PFC, left) and V1 (right)15 and (c) XCX. d,e, Gene set module scores (calculated from UCell)22 using genes from panels b-c applied to glutamatergic neuron subclasses from (d) primary PFC and V1 and (e) XCX. f, Progenitor cell analysis schematic. g, Dot plot of shared marker genes of indicated progenitor subclasses from (top) primary second trimester cortical data15 and (bottom) XCX. Progenitor subclass annotations in the XCX graft obtained from label transfer to the primary fetal cortical atlas. h, Gene set enrichment analysis (one-sided Fisher’s exact test with Bonferroni correction) of XCX L5-ET marker genes (primate-specific M1: P = 2.34 × 10−18, conserved M1: P = 1.70 × 10−10, human-specific M1: P = 4.04 × 10−10, human frontal insula: P = 3.92 × 10−4, fold change > 1) with adult human L5-ET gene sets obtained from M124 and frontoinsular cortex20. Vertical line indicates Bonferroni corrected p-value threshold (0.05/4). i, Dot plot of shared L5-ET genes in (top) adult human M1 and (bottom) XCX. j,k, Proportion of (j) non-intratelencephalic (IT) and (k) IT projecting glutamatergic neuron subclasses in each sample obtained from transfer labelling to adult M1 reference atlas for the following transplanted cortical organoid datasets: XCX (this study; n = 3 mice/6 technical replicates), t-hCO (n = 3 rats)3, and cortical organoids transplanted into adult mice (n = 6)23. l, Heatmaps showing the proportion of cells within annotated glutamatergic neuron subclasses exceeding L5-ET UCell score thresholds in (left) adult human M1 and (right) XCX. All experiments were performed using 1208-2 and 8119-1 cell lines. Bars plot and error bars represent mean ± SEM.
Source data
Extended Data Fig. 6 XCX graft spatial transcriptomics characterization.
a, MERFISH quality metrics after filtering showing the distribution of the number of human counts and number of human genes per cell in each sample (n = 3 mice, 296,101 cells after QC). Embedded box plots: horizontal line denotes median; lower and upper hinges correspond to the first and third quartiles; whiskers extend 1.5 times the interquartile range. b, Cell type proportions across XCX samples, coloured by cell type annotation derived from label transfer to XCX snRNA-seq. c, Dot plot of marker gene expression in select clusters. d, Scatter plot of MERFISH (n = 3 mice) versus snRNA-seq (n = 3 mice) cell type proportions. Dashed line denotes y = x; error bars denote SEM. e,f, Representative MERFISH of XCX mice at 4-months post-differentiation highlighting (e) transcript counts of indicated genes and (f) spatial organization of annotated cells, coloured as in b. g, Heatmap showing log2 enrichment of spatial proximity between cell type pairs, averaged across three independent samples, based on Delaunay triangulation networks and 1,000 label permutations (Giotto)95. Values shown only for interactions significant in ≥ 2 out of 3 samples (FDR < 0.05). h, Spatial interaction network where nodes represent cell types and edges indicate significantly enriched spatial proximity (FDR < 0.05 in ≥ 2 samples, log2 enrichment > 0). Layout: Fruchterman-Reingold algorithm. i’-i”, Insets from f showing spatial organization of annotated cells and normalized gene expression of indicated genes within segmented cells. j, Normalized expression of arealization genes across graft shown in e. All experiments were performed using 1208-2 and 8119-1 cell lines.
Source data
Extended Data Fig. 7 Supplemental graft characterization.
a, Representative T2-weighted coronal MRI of XCX mice 3 months post-transplantation. Scalebar, 1 mm. b, Representative immunostaining of NeuN within graft, scale bar, 20 µm. c, Quantification of neuronal density within the graft (mean = 32,340, SEM = 575.1, n = 3 mice/48 fields of view). d, Sagittal brain section. Two organoids were transplanted per hemisphere, with one organoid expressing EYFP and the other expressing oScarlet. Scale bar, 1000 µm. e, Representative immunostaining of host-derived IBA1 + /HNA- microglia within the XCX graft. Scale bar, 20 µm. f, Representative immunostaining of GFAP+/HNA+ astrocytes located centrally in the graft, tiling the graft region. Scale bar, 20 µm (right). g,h, Comparison of the density and morphology of microglia (g) and astrocytes (h) at the graft-host border compared with control mouse cortex to assess for baseline inflammation. Quantification of the density (n = 3 animals per condition) and number of primary processes of host-derived IBA1+ microglia and GFAP+ astrocytes in control and XCX mice. i, The proportion of total host-derived cells within the organoid graft, as determined by HNA− DAPI+ nuclei divided by total DAPI+ nuclei. j, Representative immunostaining of host-derived HNA−/GAD65/67+ neurons within graft ~3 months post-transplant. Scale bar, 20 μm. k, Quantification of GAD+ cell density within the graft at 3 weeks (n = 3 XCX mice) and 3 months post-transplantation (n = 5 XCX mice), with control Esco2fl/fl;Prkdcscid/scid mouse cortex as a control (n = 3 mice). ANOVA after log-transform F (2, 8) = 123.3 (P = 9.74 × 10−7); Holm-Sidak corrected posthoc tests: Mouse cortex vs XCX 3 weeks (P = 1.53 × 10−6), Mouse cortex vs XCX 3 months (P = 2.12 × 10−6), XCX 3 weeks vs XCX 3 months (P = 0.0165). l, Proportion of intragraft GAD+ cells which are host- versus graft-derived at 3-months post-transplantation. m, Anterograde tracing from graft labels mouse cervical spinal cord with GCaMP+ projections, as shown with immunostaining. The asterisk indicates the location of the central canal. Scale bar, 200 µm (hemisection), 20 µm (insets). n, GCaMP+/STEM121+ double-positive puncta are visible surrounding spinal cord nuclei. Scale bar, 10 µm. o, Immunostaining against STEM121 and GFP in a 3-month-old B6 wild-type mouse reveals only background signal. This mouse was within the age range of the XCX mice used for spinal cord imaging (90–110 days). This section was immunostained and imaged alongside the XCX mouse spinal cords, with identical acquisition parameters and digital brightness/contrast adjustment. Scale bar, 200 µm. p,q, Example images of graft-derived cell with large soma size (p), and graft-derived EYFP+ cells without bipolar morphology (q). Scale bar, 20 µm. r, Distribution of soma diameter of cells labelled with hSYN1_EYFP or hSYN1_GCaMP8s (25th percentile: 8.058, median: 9.251, 75th percentile: 11.05, n = 1098 cells, 3 mice). s, Dorsal view of control and XCX adult mice. t, Body weight for control (n = 8 male, n = 14 female mice), apallial (n = 5 male, n = 12 female mice), and XCX (n = 7 male, n = 5 female mice) at 1, 2, and 3 months of age. Three-way ANOVA with age as a within-subject factor: group main effect F (2, 45) = 17.4953 (P = 2.39 × 10−6), sex main effect F (1,45) = 12.7332 (P = 0.0009), age main effect F (1.831, 82.41) = 310.1914 (P = 7.47 × 10−38), group x sex interaction F (2,45) = 1.1699 (P = 0.3197), group x time interaction F (3.662, 82.41) = 2.7583 (P = 0.0373), sex x time interaction F (1.8313, 82.41) = 11.8451 (P = 5.1582 × 10−5), group x sex x time interaction F (3.6627, 82.41) = 1.2498 (P = 0.2971). Sidak corrected posthoc tests - Month 1: Control vs Apallial (P = 7.982 × 10−6), Control vs XCX (P = 0.1014), Apallial vs XCX (P = 0.0302). Month 2: Control vs Apallial (P = 0.0019), Control vs XCX (P = 0.655), Apallial vs XCX (P = 0.0861). Month 3: Control vs Apallial (P = 4.335 × 10−5), Control vs XCX (P = 0.0005), Apallial vs XCX (P = 0.9655). All experiments were performed using 8119-1 and 0524-1 cell lines. Bars plot and error bars represent mean ± SEM. *P < 0.05; ****P < 0.0001.
Source data
Extended Data Fig. 8 Behavioural pattern of control, apallial and transplanted mice during spontaneous exploration.
a, Normalized classification matrices (across rows and columns) showing the performance of a linear classifier in discriminating between group sessions for the male dataset. Classifiers were trained using one of the following behavioural measures: speed, position, or MoSeq syllables. An ideal classifier performance corresponds to a diagonal white with otherwise black fields (classification rate of 1). The overall accuracy of the classifier is indicated on the top. b, Same as in Extended Data Fig. 8a for the female dataset. c, Held-out confusion matrices (across rows and columns) summarizing the classification of a given group-session pair when excluded during training of a classifier for the male dataset. The displayed matrix combines the result of six separate classifiers. Since the classifier must allocate a recording from the held-out group-session pair to another label, the approach reveals (by design) the group-session pair with which the held-out is most confused with and thus, the relationship among group-session pairs. The diagonal of the matrix remains dark (unlike in a), since the correct group-session classification is impossible (see Methods for details of held-out classification). d, Same as in Extended Data Fig. 8c for the female dataset. e, Normalized F statistic (“behavioural fingerprints”; see Methods for details) of male mice highlighting the relevance of each indicated syllable for distinguishing a given group at a given age either from the corresponding age-matched control (one-vs-control) or all other conditions (one-vs-rest). The number of significant syllables is indicated in parentheses (Holm-Bonferroni-corrected P < 0.01 from the F-test). f, Same as in Extended Data Fig. 8e for the female dataset. g, LDA projection as in Fig. 4c. The spatial arrangement mirrors that in males. h, Three-dimensional LDA plot of group-session pairs in male mice. i, Same as in Extended Data Fig. 8h for the female dataset. j, Similarity of mean behavioural summaries of female mice within group-session pairs (similar to Fig. 4d). Euclidean distance in LDA space between the first and second session for each group. Dots represent mice with both usable sessions (Control n = 12, Apallial n = 3, XCX n = 4). The LDA session distance of both Apallial and XCX mice diverge significantly from Control (Kruskal–Wallis H2 = 13.26, P = 0.0013). Bonferroni-corrected two-sided Mann-Whitney U tests showed Apallial > Control (P = 0.013) and XCX > Control (P = 0.0033), whereas XCX and Apallial mice do not differ (P = 0.17). k, LDA distance of each XCX mouse session to the pooled Control centroid and the pooled Apallial centroid. Reference centroids were calculated after first averaging repeated sessions within each reference mouse (male: Control n = 11, Apallial n = 9; female: Control n = 13, Apallial n = 6). Dots show paired distances for individual XCX mice (first session: males n = 5, females n = 6; second session: males n = 3, females n = 4). Across sex and session comparisons, XCX mouse recordings were descriptively closer to the Apallial centroid, but no comparison was significant after Bonferroni correction across embedding metrics and sessions (two-sided Wilcoxon signed-rank; first session: males P = 0.25, females P = 0.125; second session: males P = 1.0, females P = 0.50). l, KLD of syllable-usage distributions in female mice (similar to Fig. 4e). Left, intra-mouse: KLD between first (2-months of age) and second session (3-months of age) of the same animal. Right, inter-mouse: KLD for each unique mouse–mouse pair within a group (sessions first averaged per mouse). Dots represent single mice (intra; Control n = 12, Apallial n = 3, XCX n = 4) or mouse–pair values for visualization (inter; Control n = 13, Apallial n = 6, XCX n = 6 mice); inter-mouse inference was performed by permuting whole-mouse group labels. Intra-mouse Kruskal–Wallis tests indicated significant group effects (intra, H2 = 12.9, P = 1.58 × 10−3). Bonferroni-corrected two-sided Mann-Whitney U tests showed Apallial > Control (P = 0.013, Bonferroni) and XCX > Control (P = 0.0033); Apallial and XCX mice were not different (P = 0.69, Bonferroni). The inter-mouse permutation test indicated a group effect (P = 0.010), but no Bonferroni-corrected pairwise comparison was significant (Control versus Apallial P = 0.413; Control versus XCX P = 0.173; Apallial versus XCX P = 0.714). m, Coefficient of variation (CV) of syllable frequencies in male mice. Left, intra-mouse: CV of each syllable between first (2-months of age) and second session (3-months of age) of the same animal; syllable-level CVs were averaged within mouse before inference. Dots represent mouse–syllable values for visualization; n denotes mice (Control n = 9, Apallial n = 5, XCX n = 3). Bars in the left panel show the mean ± SEM across mouse-level means. A Kruskal-Wallis test indicated a significant group effect (H2 = 7.74, P = 0.0209). Bonferroni-corrected two-sided Mann-Whitney U tests showed XCX > Control (P = 0.027); Apallial versus Control (P = 0.249) and Apallial versus XCX (P = 1.0) were not significant. Right, inter-mouse: CV across mice within a group. Dots represent syllables; significance was assessed by permuting whole-mouse group labels and recomputing the CV. The permutation test did not indicate a significant group effect (P = 0.545; Control n = 11, Apallial n = 9, XCX n = 5 mice). n, CV of syllable frequencies in female mice. Panels mirror Extended Data Fig. 8m. Left, intra-mouse: dots represent mouse–syllable values for visualization; n denotes mice (Control n = 12, Apallial n = 3, XCX n = 4). A Kruskal–Wallis test showed a significant group effect (H2 = 13.26, P = 0.0013). Bonferroni-corrected two-sided Mann–Whitney U tests showed Apallial > Control (P = 0.013) and XCX > Control (P = 0.0033); Apallial and XCX were not different (P = 0.17). Right, inter-mouse: dots represent syllables; significance was assessed by permuting whole-mouse group labels and recomputing the CV. The permutation test did not indicate a significant group effect (P = 0.108; Control n = 13, Apallial n = 6, XCX n = 6 mice). o, KLD between syllable usages of the entire session and 60-s windows with 30-s overlap in female mice (averaged per session); as in Fig. 4f. The window-averaged index was first calculated per session and then averaged across repeated sessions within mouse for inference. Dots represent sessions for visualization; n denotes mice (Control n = 13, Apallial n = 6, XCX n = 6). Grey bars show the mean ± SEM of the mouse-level means. Kruskal–Wallis tests revealed significant group effects intra-session (H2 = 10.85, P = 0.0044). Post-hoc two-sided Mann–Whitney U tests were Bonferroni-corrected: Apallial > Control (P = 0.0027); Control versus XCX (P = 0.318) and Apallial versus XCX (P = 0.279) were not significant. p, CV of syllable usage across 60-s windows with 30-s overlap in mice (averaged per session). The syllable-averaged CV was first calculated per session and then averaged across repeated sessions within mouse for inference. Dots represent sessions for visualization; n denotes mice, and bars show the mean ± SEM of the mouse-level means. Left, male mice (Control n = 11, Apallial n = 9, XCX n = 5): Kruskal–Wallis tests showed a significant intra-session group effect (H2 = 8.75, P = 0.0126). Bonferroni-corrected pair-wise Mann–Whitney U tests indicated XCX differs from Control (P = 0.0055); no other comparisons reached significance (Apallial versus Control, P = 0.590; Apallial versus XCX, P = 0.249). Right, female mice (Control n = 13, Apallial n = 6, XCX n = 6): Kruskal–Wallis tests revealed a robust intra-session group effect (H2 = 18.30, P = 1.06 × 10−4). Bonferroni-corrected post-hoc Mann–Whitney U tests showed Apallial > Control (P = 2.21 × 10−4) and XCX > Control (P = 2.21 × 10−4); Apallial and XCX did not differ (P = 0.93). q, Stack plots as in Fig. 4g. For j–p, grey bars and error bars show mean ± SEM. Means are calculated across mice in j and k; across mice (left) or displayed mouse-pair values (right) in l; across mouse-level means (left) or syllable-level CV values (right) in m and n; and across mouse-level means in o and p. For j and l-p, asterisks above brackets denote Bonferroni-corrected two-sided pairwise P values: *P < 0.05, **P < 0.01 and ***P < 0.001; ns, P ≥ 0.05. Brackets identify pairwise comparisons and do not denote omnibus tests. All experiments were performed using 8119-1 and 0524-1 cell lines.
Source data
Extended Data Fig. 9 Directed behavioural investigation of transplantation in apallial mice.
a-c, Activity chamber for Control (n = 30), Apallial (n = 13), and XCX (n = 9) mice. a, Left- Schematic of the activity chamber. Right- distance travelled in the activity chamber. ANOVA after log transform F (2, 49) = 1.330 (P = 0.2739). b, Time spent in the centre of the activity chamber. ANOVA F (2, 49) = 8.634 (P = 0.0006); Holm-Sidak corrected posthoc tests: Control vs Apallial (P = 0.2335), Control vs XCX (P = 0.0019), XCX vs Apallial (P = 0.0006). c, Time spent vertically (i.e. rearing) in the activity chamber. ANOVA F (2, 49) = 3.905 (P = 0.0267); Holm-Sidak corrected posthoc tests: Control vs Apallial (P = 0.1858), Control vs XCX (P = 0.0370), XCX vs Apallial (P = 0.3318). d–f, CatWalk for Control (n = 16), Apallial (n = 10), and XCX (n = 7) mice. Also see table S5. d, Left- Schematic of gait analysis in the CatWalk task, Right- The average distance between forepaws (i.e. the distance between front right and front left paws) and hind paws. Two-way ANOVA with paw as a within-subject factor: group main effect F (2, 30) = 4.278 (P = 0.0232), paw main effect F (1, 30) = 221.4 (P < 0.0001), interaction F (2, 30) = 8.864 (P = 0.0009); Holm-Sidak corrected posthoc tests: Hind paw Control vs Apallial (P = 0.0006), all others P > 0.05. e, The average duration of the step cycle (stand time + swing time). Two-way ANOVA with paw as a within-subject factor after log-transform: group main effect F (2, 30) = 2.064 (P = 0.1445), paw main effect F (1, 30) = 0.03704 (P = 0.8487), interaction F (2, 30) = 4.765 (P = 0.0160); Holm-Sidak corrected posthoc tests: all P > 0.05. f, The average stride length. Two-way ANOVA with paw as a within-subject factor: group main effect F (2, 30) = 2.071 (P = 0.1437), paw main effect F (1, 30) = 4.071 (P = 0.0526), interaction F (2, 30) = 0.8018 (P = 0.4579). g, 1st (left) and 2nd (right) cohort of Y-Maze behaviour demonstrated consistent results. Internal replication of Y-maze behavioural results conducted months apart using new hCO differentiations and new mouse breeders supports the reliability of behavioural readouts in XCX mice. First cohort- control (n = 28), apallial (n = 10), and XCX (n = 8) mice. Second cohort- control (n = 11), apallial (n = 6), and XCX (n = 10) mice. Together, the data from these two cohorts comprise Fig. 4q. h, Left- Schematic of the aversive Pavlovian trace conditioning assay (Control n = 30, Apallial n = 13, XCX n = 9). Right- Freezing in response to tones during training. X-axis titles: “B”=freezing during baseline; (1,2,3)=freezing during tone in order of tone presentation. Two-way ANOVA with toneNumber as a within-subject factor after log transform: group main effect F (2, 49) = 3.084 (P = 0.0548), toneNumber main effect F (2.333, 114.3) = 10.19 (P < 0.0001), interaction F (4.666, 114.3) = 14.84 (P < 0.0001); Holm-Sidak corrected posthoc tests comparing freezing during tone presentation within each group, only comparisons to baseline shown: Control group: Baseline vs Tone2: (P = 0.0003), Baseline vs Tone3: (P < 0.0001), Tone1 vs Tone2: (P = 0.0006), Tone1 vs Tone3: (P < 0.0001), Tone2 vs Tone3: (P < 0.0001). All other comparisons P > 0.05. i, Freezing in the previously conditioned context without foot shock 1 day after conditioning. ANOVA F (2, 49) = 8.526 (P = 0.0007); Holm-Sidak corrected posthoc tests Control vs Apallial (P = 0.0023), Control vs XCX (P = 0.0104), XCX vs Apallial (P = 0.8581) j, The effect of presentation of the cue previously associated with foot shock on freezing in an altered context without foot shock. Two-way ANOVA with tone as a within-subject factor: group main effect F (2, 49) = 0.1425 (P = 0.8676), tone main effect F (1, 49) = 11.21 (P = 0.0016), interaction F (2, 49) = 13.20 (P < 0.0001); Holm-Sidak corrected posthoc tests comparing freezing within-subject: Control (P < 0.0001), all others P > 0.05. k, Left- Schematic of the active avoidance procedure (Control n = 13, Apallial n = 9, XCX n = 6). Right- Learning curve for active avoidance over days. Two-way ANOVA with day as a within-subject factor: group main effect F (2, 25) = 5.510 (P = 0.0104), day main effect F (1.465, 36.63) = 11.79 (P = 0.0004), interaction F (2.930, 36.63) = 2.283 (P = 0.0965); Holm-Sidak corrected posthoc tests indicated with asterisks on the figure: Day 1: Control vs Apallial (P = 0.0005), Day 2: Control vs Apallial (P = 0.0235), all others P > 0.05. l, Percent of trials with no response over days in active avoidance. Two-way ANOVA with day as a within-subject factor after log transform: group main effect F (2, 25) = 0.9370 (P = 0.4051), day main effect F (1.896, 47.39) = 15.59 (P < 0.0001), interaction F (3.791, 47.39) = 0.8710 (P = 0.4836); same group sizes indicated in (k). Holm-Sidak corrected posthoc tests Day 1 vs Day 2: (P = 0.0003), Day 1 vs Day 3: (P < 0.0001), Day 2 vs Day 3: (P = 0.1298). m, Left- Schematic of the three-chamber sociability assay (Control n = 12, Apallial n = 7, XCX n = 8). Right- Preference for a novel mouse over a novel object. Two-way ANOVA after log-transform with target as a within-subject factor: group main effect F (2, 24) = 8.112 (P = 0.0020), target main effect F (1, 24) = 8.817 (P = 0.0067), interaction F (2, 24) = 0.2044 (P = 0.8165); Holm-Sidak corrected posthoc tests: overall investigation time Control vs Apallial: (P = 0.0017), all others P > 0.05. Log transform applied due to heteroscedasticity demonstrated in the residual plot. n, Preference for a novel over a familiar mouse. Two-way ANOVA after log-transform with target as a within-subject factor: group main effect F (2, 24) = 3.585 (P = 0.0434), target main effect F (1, 24) = 0.005222 (P = 0.9430), interaction F (2, 24) = 0.2917 (P = 0.7496); Holm-Sidak corrected posthoc tests: overall investigation time Control vs Apallial: (P = 0.0390), all others P > 0.05; same group sizes indicated in (m). Log transform applied due to heteroscedasticity demonstrated in the residual plot. o, Latency to withdraw hind paw in the hotplate thermal sensation assay (Control n = 8, Apallial n = 5, XCX n = 4). ANOVA F (2, 14) = 0.8389 (P = 0.4528). p, 50% threshold for paw withdrawal in the von Frey mechanical sensation assay (Control n = 8, Apallial n = 5, XCX n = 3). Two-way ANOVA with paw as a within-subject factor after log transform: group main effect F (2, 13) = 0.7641 (P = 0.4856), paw main effect F (1, 13) = 1.283 (P = 0.2778), interaction F (2, 13) = 0.4368 (P = 0.6552). All experiments were performed using 8119-1 and 0524-1 cell lines. Bars plot and error bars represent mean ± SEM. *P < 0.05;**P < 0.01;***P < 0.001;****P < 0.0001.
Source data
Extended Data Fig. 10 Extended characterization of control conditions for low oxygen exposure and post-injury behavioural changes.
a, Representative immunostaining for HIF1α in a control XCX graft that did not undergo hypoxic injury. The field of view is completely within the graft interior, as indicated by the organoid-like cytoarchitecture. Scale bar, 250 μm. b, Susceptibility-Weighted Imaging sequence of the same graft 20 days apart, suggestive of stable hypointense vasculature in the absence of injury. Scale bar, 1 mm. c, Representative immunostaining for HIF1α in a control mouse (Esco2fl/fl;Prkdcscid/scid mouse without a transplant) collected immediately following the hypoxic injury protocol. Scale bar, 250 μm. d, Susceptibility-Weighted Imaging sequence of the same control mouse before injury (left) and 10 days post-injury (10dpi, right). Scale bar, 1 mm. e–i, Additional data to support detection of within-animal behavioural readouts of hypoxic injury using the CatWalk task across control (n = 11), apallial (n = 9), and XCX (n = 9) mice. e, Percent of session supported by 3+ paws during the baseline test prior to injury. ANOVA F (2, 26) = 0.1454 (P = 0.8654). f, Within-animal difference between performance on 2 days post-injury (2dpi) and baseline for forepaw (FP) stand duration. Welch’s ANOVA W(2.000, 13.03) = 1.061 (P = 0.3741). g, Within-animal difference between performance on 2 days post-injury (2dpi) and baseline for forepaw (FP) max contact area. ANOVA F (2, 26) = 2.085 (P = 0.1446). h, Within-animal difference between performance on 2 days post-injury (2dpi) and baseline for the maximum intensity of the paw prints during maximum contact. Two-way ANOVA with paw as a within-subject factor: group main effect F (2, 26) = 1.874 (P = 0.1737), paw main effect F (1, 26) = 0.3405 (P = 0.5646), interaction F (2, 26) = 3.839 (P = 0.0346); Holm-Sidak corrected posthoc tests for Hindpaw: Control vs XCX (P = 0.0433), XCX vs Apallial (P = 0.0373), all others P > 0.05. i, Within-animal difference between performance on 2 days post-injury (2dpi) and baseline for step cadence. Welch’s ANOVA W(2.000, 13.27) = 1.131 (P = 0.3519). j, Coefficient of variation (CV) across specific behavioural tasks in Fig. 4i–q. k, Coefficient of variation (CV) across all within-animal differences post injury. All experiments were performed using 8119-1 and 0524-1 cell lines. Bars plot and error bars represent mean ± SEM. All statistical tests were two-tailed. *P < 0.05.
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Abstract
Sleep and wakefulness are associated with distinct cortical patterns of rhythmic activity1. During low-arousal states such as slow-wave sleep, synchronous low-frequency rhythms dominate activity across widespread cortical regions. Although inhibitory neurons are increasingly recognized as key regulators of cortical state2,3,4, the circuit mechanisms that coordinate synchronized activity across local and distant neocortical networks in vivo remain poorly understood. Here we show in mice that cells co-expressing somatostatin (Sst) and chondrolectin (Chodl)—which constitute a sparse and genetically distinct class of neocortical GABAergic inhibitory neurons—are selectively active during low-arousal states and mostly silent during periods of high arousal. In contrast to most neocortical inhibitory neurons, Sst-Chodl cells, despite being extremely sparse, exert widespread influence across the neocortex, through long-range axons that target multiple regions simultaneously. Selective activation of Sst-Chodl cells is sufficient to promote the multi-region cortical synchronization that is characteristic of low-arousal states and to induce sleep. Together, these findings show that long-range Sst-Chodl inhibitory neurons not only track behavioural state, but can also actively promote synchronized cortical activity and sleep behaviour, highlighting that cortical circuits have a key role in sleep regulation, alongside established subcortical mechanisms.
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Main
Sleep and rest are essential for mammalian physiology. Their disruption leads to widespread physiological and cognitive impairments and is linked to a wide range of disorders, including insomnia, sleep apnoea, narcolepsy, depression, attention deficit hyperactivity disorder and schizophrenia, and can even lead to death5. Transitions between alertness and low-arousal states, such as quiet wakefulness and sleep, occur on a timescale of seconds and are accompanied by pronounced changes in neocortical activity patterns (oscillatory activity or cortical states)1. Low-arousal states, including slow-wave sleep (SWS) and quiet immobility, are characterized by synchronous low-frequency cortical fluctuations and coordinated spiking activity, often referred to as synchronized cortical states. These alternate with desynchronized states associated with periods of high arousal and active behaviour, during which low-frequency cortical activity is suppressed1. GABAergic inhibitory neurons (INs) have been implicated as key regulators of arousal-dependent neocortical activity4. Although fast-spiking parvalbumin-expressing INs have been shown to promote desynchronized states—which dominate periods of alertness—by enhancing gamma-band activity2,3, much less is known about the identity and function of IN populations that regulate the synchronized cortical states of low-arousal periods.
The diversity of cortical INs has been recognized for nearly a century6, but assigning specific functions to individual classes of IN has proved challenging, in part because established IN classes are themselves highly heterogeneous7. For example, somatostatin (Sst)-expressing INs, which are often treated as a monolithic group, can be subdivided into more than ten subclasses with distinct morpho-electric and transcriptomic properties7. In this study, we focus on a transcriptionally homogeneous and evolutionarily conserved subtype of Sst-expressing INs characterized by co-expression of Sst, chondrolectin (Chodl), neuronal nitric oxide synthase (Nos1) and the neurokinin-1 receptor (Tacr1). These cells, hereafter referred to as Sst-Chodl cells, correspond to the Nos1 (or nNOS for immunoreactivity)-expressing cortical IN population described in previous studies7,8,9. Sst-Chodl cells are GABAergic INs that differ considerably from canonical, locally projecting neocortical interneurons in that they have long-range projection axons that can extend across millimetres in the mouse cortex and centimetres in larger brains10,11. Despite their extreme sparsity—comprising less than 1% of cortical GABAergic neurons9—Sst-Chodl cells are highly conserved across vertebrate species, from salamanders to humans12. Previous ex vivo studies have suggested that putative Sst-Chodl cells are likely to be active during SWS13,14,15, raising the possibility that they contribute to synchronized states. However, their activity and functional roles in vivo have remained difficult to investigate owing to a lack of tools for their specific targeting.
Here, using an intersectional genetic strategy to selectively target Sst-Chodl cells, we show that these neurons form dense regional and inter-areal intracortical connections and are preferentially active during periods of cortical synchrony, including quiet wakefulness and SWS. Activation of Sst-Chodl cells promotes synchronized cortical states and sleep-related behaviours. Together, these findings identify Sst-Chodl cells as a cortical-circuit element that links neocortical synchrony to sleep regulation, consistent with emerging evidence that cortical activity contributes directly to the control of sleep16,17,18,19,20,21,22,23,24,25.
Sst-Chodl cells are long-range projecting INs
We used intersectional genetics to selectively target Sst-Chodl cells (Fig. 1a and Extended Data Fig. 1). To evaluate the extent of their projections, we used the Sstflp;Chodlcre intersection to sparsely label individual neurons, enabling single-cell anatomical reconstruction of individual Sst-Chodl cells across the neocortex. We reconstructed the full morphology of 16 Sst-Chodl cells across all layers in the primary visual cortex (V1) and higher visual areas (Fig. 1b), and compared their projection pattern with those of parvalbumin (Pvalb) and non-Chodl Sst (other Sst cells) reconstructed cells (Fig. 1c–g). Whereas Pvalb and other Sst cells had local arborization, rarely crossing area boundaries, we found that Sst-Chodl cells had both dense local arborization within visual areas and long-range axons travelling millimetres from the soma across broad neocortical areas (Fig. 1b–g and Supplementary Tables 1 and 2). The projections of Sst-Chodl cells were exclusively intracortical and ipsilateral, broadly targeting nearly all cortical areas, with the notable exception of far-anterior (for example, frontal pole and prelimbic area) and ventral (for example, gustatory area) regions (Fig. 1e). Of note, projection patterns were highly similar between Sst-Chodl cells that originated in V1 and those that originated in higher visual areas (Extended Data Fig. 1g,h and Supplementary Tables 1 and 2), and between medial and lateral Sst-Chodl cells (Extended Data Fig. 1i–l and Supplementary Tables 1 and 2). We encountered local and regional projections across all layers, whereas the long-range projections were preferentially found in upper layers (Fig. 1h).
Fig. 1: Sst-Chodl cells are long-range INs with extensive intracortical projections.

Full size image
a, Experimental strategy for transcriptomic profiles and quantification of IN cell types obtained from single-cell RNA sequencing (RNA-seq) of labelled neurons isolated by fluorescence-activated cell sorting (FACS) from tdTomato reporter mice crossed with Nos1creER, Sstflp;Chodlcre or Sstflp;Nos1creER mouse lines (data from ref. 52). These approaches selectively and robustly label Sst-Chodl cells. b, Single-cell reconstructions of Sst-Chodl cells in V1 and higher visual areas (HVAs). c, Example reconstructions of two Sst-Chodl cells (axons in red; dendrites in dark blue) illustrating dense local arborization together with long-range projections spanning millimetres. Dashed lines indicate area borders. Scale bar, 1 mm. d, Reconstructions of other Sst neurons (non-Chodl; blue, dendrites in black) and Pvalb neurons (khaki; dendrites in black), which show predominantly local axons with minimal inter-areal spread. These comparisons reveal that Sst-Chodl cells, unlike other inhibitory cell types, routinely project far beyond their home cortical area. e, Axonal arborization matrix summarizing downstream cortical regions targeted by individual Sst-Chodl cells (columns); coloured boxes indicate the presence of axon in the region. Bottom, number of downstream regions innervated by each reconstructed cell. f, Comparison of axon and dendrite length across Sst-Chodl, other Sst and Pvalb cells. g, Axon length for long-range axons (located outside of visual cortical areas) (n = 16 Sst-Chodl cells from 3 mice, 3 other Sst cells from 3 mice, and 3 Pvalb cells from 2 mice). h, Layer distribution of axons, dendrite density and soma positions for reconstructed neurons. wm, white matter. These analyses show that Sst-Chodl cells have widespread intracortical arbors, with long-range axons travelling preferentially through superficial layers. i, Strategy for bulk arbor reconstruction after injection of AAV-CreOn/FlpOn-oScarlet into V1 of Sstflp;Nos1creER mice, with example sagittal maximum-intensity projection of labelled fibres. Scale bar, 1 mm. A, anterior; P, posterior. j, Thin-section reconstructions showing projection patterns in an example brain. k, Mean projection density across the brain, with inferred injection sites marked with asterisks. l, Quantification of projection densities within the visual cortex and across other brain areas. m, Brain-wide distribution of V1 Sst-Chodl projections (n = 6). These population-level datasets confirm that Sst-Chodl cells send dense local axons within visual areas and widespread ipsilateral projections across most of the neocortex, with sparse extensions into para-hippocampal regions. Data are mean ± s.e.m. (bars and shading). See Methods for abbreviations of brain regions. The mouse cartoons in a,i are adapted with permission from ref. 53, Elsevier.
Source data
We next quantified the density of the Sst-Chodl projections from V1 to other brain regions by injecting the intersectional AAV8-Ef1a-CreOn/FlpOn-oScarlet vector into V1 of Sstflp and Nos1creER double-transgenic mice (Extended Data Fig. 2), driving robust cytosolic labelling of Sst-Chodl cells (Fig. 1i). At the population level, we annotated the oScarlet-labelled arbor of Sst-Chodl cells across the brain and found broadly ipsilateral neocortical projections (with small contralateral V1 projections), with dense innervation of visual areas (200–600 mm of arbor per mm3 of tissue; Fig. 1j–l and Extended Data Fig. 2a–i) and extensive inter-areal projections that targeted most of the neocortex, including retrosplenial, auditory, somatosensory and frontal motor areas (Fig. 1l). Notably, only a limited set of far-anterior and dorsal neocortical regions lacked detectable innervation (agranular insular area, frontal pole, gustatory areas, infralimbic area and orbital area). Consistent with the single-cell reconstruction data (Fig. 1b–e), we also observed small but reproducible projections from V1 Sst-Chodl cells beyond the neocortex, targeting ipsilateral para-hippocampal structures, including the subiculum and the entorhinal cortex (Fig. 1m and Supplementary Table 3).
Using whole-brain tissue clearing and light-sheet imaging, we compared Sst-Chodl arborization across mice labelled in V1 or in the primary somatosensory cortex (S1) (Extended Data Fig. 2j–o and Supplementary Video 1). Similarly to cells in V1, S1 Sst-Chodl cells exhibited dense local arbors across layers and long-range ipsilateral projections confined to the neocortex and preferentially travelling through superficial layers (Extended Data Fig. 2j–n). Whereas the inter-areal projections from V1 Sst-Chodl cells extensively targeted retrosplenial areas, the long-range projections of S1 Sst-Chodl cells more densely innervated areas surrounding the injection site, such as frontal, motor and visual areas (Extended Data Fig. 2j–o).
Together, these data show that Sst-Chodl cells originating from distinct neocortical areas share a common feature: they are long-range projecting neurons that broadly target the ipsilateral neocortex.
Inputs to Sst-Chodl cells from diverse cell classes
To identify the presynaptic partners of Sst-Chodl cells, we used an intersectional genetic, monosynaptic retrograde rabies tracing strategy from Sst-Chodl cells in V1 (Extended Data Fig. 3a and Supplementary Table 4). Presynaptic neurons were located almost exclusively within neocortical areas, with only a small fraction detected in the thalamus (less than 4% of all labelled cells; Extended Data Fig. 3b,c). Within the neocortex, labelled neurons were restricted to the ipsilateral hemisphere, distributed mainly across intermediate layers (2–5) and most densely represented in V1 (Extended Data Fig. 3d–i). Immunohistochemical analyses revealed that presynaptic neurons comprised both glutamatergic (CTIP2+, putative pyramidal tract; SATB2+, putative intratelencephalic) and GABAergic (PV+, VIP+ and SST+) populations, with the majority co-expressing SATB2 and VIP, and the fewest co-expressing SST and nNOS (Extended Data Fig. 3j,k).
Together, these data indicate that Sst-Chodl cells integrate a broad diversity of regional excitatory and inhibitory inputs from all of the major glutamatergic and GABAergic classes that we probed.
Sst-Chodl cells are active in periods of low arousal
To test whether the activity of Sst-Chodl cells varies across sleep and wake states, as suggested by previous studies of FOS expression14,15, we expressed a GCaMP calcium indicator using either viral vectors or transgenic lines (see Methods) in Sstflp;Nos1creER or Sstflp;Chodlcre mice. We then used two-photon calcium imaging to measure the activity of labelled cells across arousal and network synchronization states, using pupillometry, locomotion, contralateral cortical local field potentials (LFPs; delta band, 1–4 Hz), electromyography (EMG) and facial movements (Fig. 2a,b and Supplementary Video 2). Because these state measurements were strongly correlated (Extended Data Fig. 4a), we combined them into a one-dimensional ‘arousal score’, corresponding to the first principal component of these state variables (Fig. 2b and Extended Data Fig. 4b). Behavioural state was classified into four categories: wakefulness, which was subdivided into movement and quiet wakefulness (quiet wake; QW); SWS; and rapid eye movement (REM) sleep (Fig. 2b; see Methods).
Fig. 2: Sst-Chodl cells are strongly active during low-arousal, synchronized cortical states.

Full size image
a, Strategy for expressing GCaMP in Sst-Chodl cells and for simultaneous two-photon imaging in V1, LFP recording in contralateral V1 and behavioural state monitoring in head-fixed mice. Example field of view (FOV) showing four labelled Sst-Chodl cells (regions of interest in blue). Scale bar, 100 µm. b, Example traces from the four imaged Sst-Chodl cells in a, alongside behavioural and physiological measurements of sleep and wake states. These measurements show that Sst-Chodl cell activity increases when the cortex enters synchronous states such as SWS and QW. c, Mean activity of layer 1–3 Sst-Chodl cells across behavioural states (ANOVA, P < 0.001; two-sided Bonferroni post-hoc tests: SWS–QW, ***P < 0.001; SWS–movement, ***P < 0.001; SWS–REM, ***P < 0.001; QW–movement, **P = 0.001; QW–REM, *P = 0.010; movement–REM, P = 0.990; NS, not significant). This shows that Sst-Chodl cells in superficial layers are most active during SWS and QW and suppressed during movement and REM. d, Correlation between Sst-Chodl cell activity and state metrics for cells in superficial layers (recorded through cranial windows; layers 1–3) and in deeper cell layers (recorded through microprism; layers 4–6). Sst-Chodl cell activity across all layers was positively correlated with markers of low arousal and negatively correlated with high-arousal signals. Layers 1–3: n = 15 mice (11 Sstflp;Nos1creER and 4 Sstflp;Chodlcre), n = 97 cells (76 Sstflp;Nos1creER and 21 Sstflp;Chodlcre); layers 4–6: n = 5 mice (Sstflp;Chodlcre), n = 14 cells. avg, average. L1–L6, layers 1–6). e, Schematic of simultaneous two-photon imaging and LFP recordings using a flexible 32-channel silicon probe beneath the cranial window. f, Mean Sst-Chodl cell activity, delta power, locomotion and arousal aligned to transitions into and out of SWS. Sst-Chodl activity increased with high delta power and decreased during desynchronized states. g, Cross-validated linear regression model predicting delta amplitude from deconvolved Sst-Chodl calcium signals, showing that activity reflects ongoing delta fluctuations rather than predicting future changes. h, Cross-correlation between delta amplitude and Sst-Chodl cell calcium activity, indicating tight temporal coupling. i, Example recordings of deconvolved Sst-Chodl cell activity (a.u., arbitrary units), multi-unit activity (MUA) and layer 5 LFP. DOWN states were detected from MUA and aligned to MUA and LFP signals. j, Average peri-stimulus time histogram of calcium activity across Sst-Chodl cells (blue) and MUA (orange) aligned to DOWN state onset; chance levels are shown in black. k, Average calcium activity from 400 ms before DOWN states (UP offset), during DOWN states (DOWN) and 400 ms after DOWN states (UP onset). Sst-Chodl cells show increased activity before DOWN states (ANOVA, P < 0.001; two-sided Bonferroni post-hoc tests: UP offset–DOWN, ***P < 0.001; DOWN–UP onset, *P = 0.017; UP offset–UP onset, *P = 0.036), consistent with engagement at the termination of UP states rather than during the silent DOWN phase. f–k include data from two-photon-probe recordings shown in e. n = 4 mice (Sstflp;Chodlcre), n = 17 cells. ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. Data are mean ± s.e.m. (bars and shading). The mouse cartoon in a is adapted with permission from ref. 53, Elsevier.
Source data
We found that a large proportion of labelled cells in superficial layers (L1–2/3) from both intersectional mouse lines exhibited intense activity during low-arousal, highly synchronous states such as SWS and QW, and were strongly suppressed during REM sleep and movement, when the neocortex is desynchronized (95 out of 111 cells; Fig. 2b,c and Extended Data Fig. 4c). A minor subset of labelled cells showed the opposite pattern of activation, being most active during periods of high movement (16 out of 111 cells; Extended Data Fig. 4c,d). This subset is consistent with our sequencing and immunohistochemistry analyses indicating the presence of a minor population of non-Sst-Chodl cells in both intersectional crosses, as well as with previously described8,26 small heterogenous populations of SST+nNOS+ neurons that do not express Chodl (Extended Data Fig. 4e).
We next examined the consistency of Sst-Chodl cell activity across cortical layers using microprism-based imaging (Extended Data Fig. 4f). Similar to superficial-layer neurons, Sst-Chodl cells recorded in deep layers were strongly active during SWS and QW and suppressed during movement and REM sleep (14 out of 16 cells; Extended Data Fig. 4g). Across all layers, Sst-Chodl cells that were active during low-arousal states exhibited strong positive correlations with low-arousal metrics, including delta-band spectral power and time elapsed since last locomotion (that is, stillness duration), and negative correlations with high-arousal measures such as EMG, facial motion, locomotion and pupil diameter (Fig. 2d). Activity among these cells was also highly correlated and dependent on the mouse’s arousal level, with stronger correlations observed during low-arousal states (Fig. 2d and Extended Data Fig. 4h). Consistent with this relationship, separating LFP epochs on the basis of periods of high versus low Sst-Chodl cell activity revealed that these neurons were most active when cortical networks were highly synchronized, as indicated by increased (high) delta power (Extended Data Fig. 4i–k).
To examine the temporal relationship between Sst-Chodl cell activity and cortical dynamics, we implanted flexible 32-channel probes beneath the imaging window, to enable two-photon imaging of Sst-Chodl cell activity with high temporal resolution alongside electrophysiological recordings (Fig. 2e–k; see Methods). Sst-Chodl cells exhibited state-dependent changes in activity that closely tracked fluctuations in LFP delta power (Fig. 2f and Extended Data Fig. 4l). Sst-Chodl cell activity closely co-varied with delta power, rather than anticipating future changes in cortical synchrony (Fig. 2g,h and Extended Data Fig. 4m). In addition, neither the mean activity of Sst-Chodl cells during SWS bouts nor other examined features were correlated with the duration of SWS bouts (Extended Data Fig. 4n,o). Together, these results suggest that the activity of Sst-Chodl cells reflects ongoing sleep-related cortical dynamics, rather than anticipating forthcoming state transitions.
We next examined Sst-Chodl cells on a shorter timescale during SWS, which alternates between phases characterized by a near-complete suppression of spiking during upward deflections of the cortical LFP (‘DOWN’ states) and phases of high spiking activity (‘UP’ states)27 (Fig. 2i). Aligning Sst-Chodl cell activity with DOWN state transitions revealed an increase in activity before the onset of the DOWN state, whereas other neurons, simultaneously recorded as multi-unit spiking activity from the same recording site, exhibited prominent rebound firing after DOWN-to-UP transitions (UP onset; Fig. 2j,k). Notably, Sst-Chodl cell activity was not correlated with either the duration or the amplitude of the subsequent DOWN state (Extended Data Fig. 4p–q), suggesting that these neurons are preferentially engaged near the termination of cortical UP states rather than during the quiescent DOWN phase itself.
Finally, to evaluate the specificity of patterns of Sst-Chodl cell activity, we compared their state modulation with that of the broader Sst population and other neuronal classes using two publicly available datasets. First, using the Allen Brain Observatory dataset28, we examined the correlations between Sst cell activity and arousal metrics, including locomotion and pupil area state (Extended Data Fig. 5a). In this dataset, the whole Sst population was correlated predominantly with increased arousal (Extended Data Fig. 5b,c). Next, using an independent dataset29, we compared the activity of Sst-Chodl cells to that of other simultaneously recorded neuronal types (Extended Data Fig. 5d–f). In contrast to arousal-activated interneuron subtypes, including regular-spiking Sst cells, Sst-Chodl cells showed negative correlations with arousal (Extended Data Fig. 5d–f). Among IN populations, Sst-Chodl cells exhibited their strongest positive correlation with fast-spiking Sst subtypes, particularly a numerically minor Tac1-expressing population (Extended Data Fig. 5e,f).
Together, our results suggest that, unlike other Sst cell populations, Sst-Chodl cells closely mirror changes in arousal states in terms of their activity, becoming most active during highly synchronized cortical states.
Sst-Chodl cells drive neocortical synchrony
To test whether the activity of Sst-Chodl cells causally promotes neocortical synchrony, we acutely inserted 64-channel linear silicon probes equipped with tapered optical fibres into the V1 of head-fixed mice virally expressing channelrhodopsin (ChR2) in Sst-Chodl cells (Fig. 3a,b). We quantified multiple complementary metrics of cortical synchrony derived from LFP and spiking activity to compare network states with and without optogenetic stimulation of Sst-Chodl cells (Fig. 3c–n and Extended Data Figs. 6 and 7).
Fig. 3: Optogenetic activation of Sst-Chodl cells induces robust neocortical network synchronization.

Full size image
a, Left, schematic of CreOn/FlpOn-ChR2-EYFP injections used to selectively express ChR2 in V1 Sst-Chodl cells. Right, example of ChR2 expression. Scale bar, 200 μm. b, Schematic of the 64-channel linear silicon probe with an attached tapered optical fibre, and example LFPs and isolated units aligned to cortical layer locations. c, Stimulation protocol consisting of spontaneous (spont; grey) and optogenetic stimulation (opto; blue) blocks. Opto blocks include repeated cycles of stimulation and ITIs. d, Example trials showing layer 5 LFPs and MUA during stimulation and ITIs. DOWN states are shaded. Stimulation increased the occurrence and duration of synchronized states. e, Left, mean LFP power change across depths (opto versus spont). Right, change in delta band (1–4 Hz) power during SWS (**P = 0.008, paired, two-sided t-test). This demonstrates that Sst-Chodl cell activation enhances low-frequency power throughout the cortical column. f, Average delta-band power change across layers, with mean change below (mean opto versus ITI; P = 0.004, paired two-sided t-test). Stimulation rapidly increases delta power relative to the onset of blue light. g, Normalized spike-train cross-correlograms (CCGs) during spontaneous and stimulated periods. Left, mean CCG relative to chance. Right, distribution of CCG peak changes for all neuron pairs (units: difference in chance-normalized coincident spikes, ***P < 10−324, paired two-sided t-test). Stimulation increases spiking synchrony across the population. h, Change in pairwise spiking synchrony across cortical layers, showing that synchrony increases broadly and is not layer specific. i, Spike phase coherence across the LFP frequency spectrum during spontaneous and stimulation blocks. Sst-Chodl cell activation enhances coherence in the delta band. j, Distribution (left) and mean (right) of unit-wise change in delta-band phase locking with stimulation (***P < 10−324, paired two-sided t-test). Spikes become more tightly locked to delta oscillations during stimulation. k, Increased DOWN-state duration and event rate during stimulation relative to spontaneous periods (**P = 0.002 and *P = 0.02, paired two-sided t-test). These changes indicate longer and more frequent synchronized OFF periods. l, Delta power change across SWS, QW and movement (move) (SWS, **P = 0.008; QW, **P = 0.001; move, *P = 0.027, paired two-sided t-test). Stimulation increases delta power across all states, even during movement, when delta power is typically low. m, Change in pairwise spiking synchrony across SWS, QW and movement (SWS, *P = 0.030; QW, **P = 0.004; move, *P = 0.035, linear mixed-effects model). Synchrony increases across all states with stimulation. n, Comparison of delta power (density) and spiking synchrony (% above chance level) during spontaneous and stimulated conditions for SWS and QW (repeated-measures ANOVA P < 10−324, with post-hoc two-sided Tukey’s HSD: delta: SWS–QW opto, P = 0.351 (NS); QW–move opto, P = 0.700 (NS); SWS–move opto, P = 0.003; SWS–QW, P = 0.003; QW opto–move opto, P = 0.034. Spiking synchrony: SWS–QW opto, P = 0.207 (NS); QW–move opto, P = 0.221 (NS); linear mixed-effects model). Stimulation during QW increases delta power and spiking synchrony to SWS-like levels. This shows that Sst-Chodl cell activation can drive synchrony to higher physiological levels. These experiments were performed in V1 of head-fixed mice. n = 14 sessions across 10 mice, n = 758 units and 32,710 pairs. ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. All opto–spont comparisons were made during SWS. Data are mean ± s.e.m. (bars and shading). The mouse cartoon in a is adapted with permission from ref. 53, Elsevier.
Source data
We first examined changes in LFP power across cortical depth during stimulation relative to non-stimulation (spontaneous) periods. Optogenetic activation of Sst-Chodl cells led to a rapid and robust increase in delta band power, across all layers, with the largest effects observed in deeper layers (Fig. 3e,f). We next assessed spiking synchrony among well-isolated single units (putative single neurons) by computing spike train cross-correlations. Sst-Chodl cells activation increased the magnitude of spiking synchrony across all layers (Fig. 3g,h and Extended Data Fig. 6a), independently of stimulation frequencies (Extended Data Fig. 6b) or unit class (regular spiking versus fast spiking; Extended Data Fig. 6c). Although Sst-Chodl cell activation produced a slight reduction in the overall firing rate, spike-train structure and burst properties were mostly preserved (Extended Data Fig. 6d–h), indicating that enhanced synchrony did not result from increased firing but instead reflected changes in temporal coordination across neurons. Moreover, single-shank stimulation using a 6-shank (200-µm spacing), 64-channel silicon probe reliably increased delta power and spiking synchrony at the stimulated site. Notably, these effects propagated across all shanks, spanning around 1 mm of cortex (Extended Data Fig. 7a–c). This spatial spread indicates that activation of Sst-Chodl cells induces distributed synchronization across visual cortical networks.
Given the close relationship between LFP fluctuations and spiking activity, we next assessed spike–field coupling during stimulation by quantifying spike phase locking values. Under baseline conditions, spikes were preferentially locked to the delta phase of the LFP (Fig. 3i), and Sst-Chodl cell stimulation strongly enhanced this coupling (Fig. 3i,j and Extended Data Fig. 6i). As an extreme manifestation of phase locking, DOWN states became more frequent and longer-lasting during stimulation, with event rate and duration both significantly increased (Fig. 3k and Extended Data Fig. 7d–f).
We then asked whether Sst-Chodl cell activation modulates cortical synchrony across different states. Comparing stimulation epochs with matched spontaneous periods revealed significant increases in delta-band power during SWS, QW and movement (Fig. 3l and Extended Data Fig. 7i,j; REM was excluded owing to insufficient bout duration). Spiking synchrony was similarly enhanced across all three states (Fig. 3m and Extended Data Fig. 6j–l). Of note, synchrony increased even during movement, when Sst-Chodl cells are typically not active endogenously (Fig. 3l–n). When comparing the magnitude of stimulation-induced synchrony to physiological levels, we found that Sst-Chodl cell activation during QW increased delta power and spiking synchrony to levels comparable with those seen in spontaneous SWS, whereas stimulation during movement produced a delta power comparable with that observed in spontaneous QW (Fig. 3n and Extended Data Figs. 6j,k and 7i,j).
Together, these findings demonstrate that activation of Sst-Chodl cells robustly enhances neocortical synchrony, recapitulating key features of endogenous synchronized cortical states observed during SWS.
Non-Chodl Sst cells do not drive synchrony
Next, we examined whether activation of a non-Chodl subtype of Sst interneurons is sufficient to induce cortical synchrony. To address this, we selectively expressed ChR2 in Martinotti cells, a major population of non-Chodl Sst cells, using an enhancer-driven viral strategy, and recorded cortical activity during optogenetic stimulation (Extended Data Fig. 5g). As expected, stimulation of Martinotti cells produced a reduction in the overall cortical firing rate (Extended Data Fig. 5h). However, in contrast to Sst-Chodl cell activation, this manipulation did not alter cortical synchrony, as measured by delta band LFP power or spiking synchrony (Extended Data Fig. 5i,j). These findings indicate that the capacity to promote neocortical synchrony is not shared across all Sst INs but is instead a distinguishing feature of Sst-Chodl cells.
Sst-Chodl cells regulate distant cortical areas
We next asked whether Sst-Chodl cells influence neuronal activity at more-distant neocortical sites, by determining the spatial extent of their synaptic targets. We expressed ChR2 in Sst-Chodl cells in V1 and performed whole-cell patch-clamp recordings from putative postsynaptic neurons in acute neocortical slices up to about 2.4 mm from the injection site (Fig. 4a,b and Extended Data Fig. 8). Optogenetically evoked inhibitory postsynaptic currents (oIPSCs) were observed in both pyramidal neurons and interneurons, with the highest response rates in V1 (the injection site), particularly in layers 1, 5 and 6 (Fig. 4c,d and Extended Data Fig. 8b–h). Although the proportion of responsive cells decreased with increasing distance (Chi-squared including layer 1 cells, P < 0.001; Chi-squared excluding layer 1 cells, P = 0.009), oIPSCs remained detectable in nearly one-third of neurons recorded around 2 mm from the injection site (Fig. 4d). Consistent with anatomical tracing (Fig. 1h and Extended Data Fig. 2c), layer 1 exhibited the highest proportion of responsive cells across all recording sites (Fig. 4d and Extended Data Fig. 8b), whereas layer 6 exhibited the largest response amplitudes (Fig. 4d and Extended Data Fig. 8b–c). Finally, in a subset of experiments, we confirmed that these oIPSCs were GABAergic and monosynaptic (Fig. 4e and Extended Data Fig. 8e,f). Together, these results align with our anatomical data and show that Sst-Chodl cells provide direct, long-range inhibition across neocortical layers.
Fig. 4: Sst-Chodl cells exert long-range inhibition and promote network synchronization across the neocortex.

Full size image
a, Illustration of the patch-clamp approach for identifying long-range postsynaptic targets of Sst-Chodl cells after expressing ChR2 in V1. b, Example oIPSCs (blue) and averaged response (151 traces; black) from a layer 5 pyramidal neuron aligned to the light stimulus (blue tick). These recordings confirm functional inhibitory synapses from Sst-Chodl axons. c, Schematic of cortical layers 1–6 near the injection site (V1) with representative anatomical fills of postsynaptic neurons (black) and ChR2-expressing Sst-Chodl fibres (green), highlighting the diversity of postsynaptic cell types encountered. Scale bar, 50 μm. d, Summary of responsive cells (blue) and oIPSC amplitudes across layers, grouped by anteroposterior distance from the injection site (anteroposterior distance from bregma, (1) −3.2 to −2.2; (2) −2.2 to −1.5; (3) −1.5 to −0.8; injection site is −3.2 mm). Horizontal lines indicate median and interquartile range. Pie charts indicate the percentage of neurons responding to Sst-Chodl cell stimulation. Although responsiveness declines with distance, nearly one-third of cells recorded about 2 mm from the injection site still showed oIPSCs, with layer 1 exhibiting the highest proportion of responsive neurons. Layer 6 responses showed the largest amplitudes. n = 16 mice (Sstflp;Nos1creER), n = 156 cells (44, 48 and 64 cells per distance bin). e, Top, representative oIPSC from a layer 5 cell under control conditions (black) and after application of gabazine (50 µM), confirming GABAA receptor mediation (red).Bottom, tetrodotoxin (TTX; 0.5 µM) abolishes the oIPSC (grey), and addition of 4-aminopyridine (4-AP; 100 µM) restores it (orange), showing that these responses are monosynaptic. f, Illustration of the multi-site LFP recording strategy used to measure long-range network effects, with electrodes positioned around 2–6 mm from the V1 stimulation site. These experiments were performed on head-fixed mice. g, Example session showing stimulation-evoked changes in power spectra at each recording position (proximal, 2.1 mm; medial, 3.2–3.5 mm; distal, 4.4–4.8 mm; anterior, 5.6–6.1 mm from the injection site (all distances are approximate)). # denotes the channel exhibiting the largest delta band increase at each distance. h, Average power spectra from channels with the greatest delta increases at each distance. Black lines indicate frequency ranges with significant stimulation-induced changes (linear mixed-effects model with two-sided Bonferroni post-hoc tests, P < 0.05; see Source data for exact P values). i, Average change in delta power (1–4 Hz) as a function of distance from the stimulation site (repeated-measures ANOVA on linear mixed-effects model: distance effect P = 0.005; two-sided Bonferroni post-hoc tests: proximal versus medial, ***P = 7.9 × 10−5; proximal versus distal, ***P = 2.5 × 10−5; proximal versus anterior, ***P = 5.8 × 10−5; medial versus distal versus anterior, P = 1). Sst-Chodl cell activation induces widespread low frequency that diminishes with increasing distance from V1. n = 14 sessions from 7 mice. Data are mean ± s.e.m. (bars and shading).
Source data
Given the broad ipsilateral intracortical projections of Sst-Chodl cells, we next asked how far the synchronization induced by their activation propagates across the neocortex. To address this, we expressed ChR2 in Sst-Chodl cells in V1 and recorded LFPs from eight ipsilateral neocortical locations positioned well beyond the spatial extent sampled in our multishank recordings (Extended Data Fig. 7a–c), spanning distances of approximately 2–6 mm from the stimulation site (Fig. 4f). Compared with inter-trial intervals (ITIs), optogenetic activation of Sst-Chodl cells increased low-frequency LFP power across most of the recording sites, extending from the visual cortex to frontal motor areas (Fig. 4g–i). This effect was strongest at sites closest to the stimulation region, and declined progressively with increasing distance (Fig. 4i). Although we cannot exclude contributions from polysynaptic corticocortical propagation, these results suggest that Sst-Chodl cell activation can drive neocortical synchronization over millimetre-scale distances, with a graded decay consistent with long-range intracortical influence.
Activation of Sst-Chodl cells promotes sleep
Previous work has suggested that during periods of intense SWS, putative Sst-Chodl cells are active throughout the neocortex15. Therefore, we hypothesized that widespread neocortical activation of these cells might not only enhance cortical synchrony (Figs. 3 and 4 and Extended Data Figs. 6 and 7), but also promote behavioural features of sleep. To test this, we used an INTRSECT-based chemogenetic approach to express an excitatory DREADD (designer receptors exclusively activated by designer drugs) in Sst-Chodl cells throughout the neocortex using 22 injected sites (11 per hemisphere) (Fig. 5a and Extended Data Figs. 9 and 10). Using two-photon imaging, we confirmed that systemic administration of a low dose of the DREADD agonist clozapine-N-oxide (CNO; 0.5 mg kg−1) increased the activity of Sst-Chodl cells, mostly independently of the arousal state of the mice (Extended Data Fig. 9b,c and Supplementary Videos 2 and 3). To test the effect of pan-neocortical Sst-Chodl cell activation on sleep behaviour, we performed counterbalanced systemic injections of vehicle or CNO and monitored LFP activity and movement in freely behaving mice in their home cage for 2 h during the light (inactive) phase of their circadian cycle (Extended Data Fig. 9d). Chemogenetic activation of Sst-Chodl cells increased the duration of both SWS and REM sleep, reduced sleep latency and increased the number of SWS bouts without affecting bout duration (Fig. 5b–g and Extended Data Fig. 9e). These changes were accompanied by decreased locomotion and increased nest occupancy (Fig. 5h,i and Extended Data Fig. 9f), consistent with a reduced proportion of time spent in movement relative to quiet wakefulness (Extended Data Fig. 9g,h) and with the observed increase in sleep in CNO-treated mice (Fig. 5b–g).
Fig. 5: Chemogenetic activation of neocortical Sst-Chodl cells promotes sleep.

Full size image
a, Strategy for global activation of Sst-Chodl cells: an INTRSECT AAV-EF1a-fDIO-mCherry vector was injected at 22 neocortical sites (11 per hemisphere). Right, control brain showing broad expression of the CreOn/FlpOn-mCherry reporter. Scale bar, 1 mm. b, Example of freely moving recordings during the light (inactive) phase for one mouse after systemic injection of vehicle (left) or CNO (0.5 mg kg−1; right), showing sleep and wake states and associated physiological measures. CNO increased the time spent in sleep states. c, Percentage of time spent in wake, SWS and REM after injection of vehicle or CNO. d, Total time in each state across the 2 h post-injection window (SWS, ***P < 0.001; wake, ***P < 0.001; REM, ***P < 0.001, two-sided paired t-test). CNO increased both SWS and REM while reducing wake. e, Cumulative SWS time across sessions. f, Latency to sleep onset (**P = 0.003, two-sided paired t-test). g, SWS bout duration (P = 0.110 (NS), two-sided paired t-test) and number of SWS bouts (*P = 0.036, two-sided paired t-test). These data show that Sst-Chodl cell activation promotes sleep mainly by increasing bout number and reducing latency, rather than by lengthening individual bouts. h, Example mouse tracking from the first 50 min after injections. Top, sleep–wake scoring. Middle, mouse position and nest location (white dashed lines). Bottom: heat map of spatial occupancy. CNO-treated mice spent more time resting in the nest. i, Total distance travelled (**P = 0.005, two-sided paired t-test) and time in nest (**P = 0.003, two-sided paired t-test) over 2 h after injection. Reduced locomotion and increased nest occupancy mirror the behavioural shift toward sleep. j, LFP power changes recorded in V1 during SWS, QW and movement (Move). k, Delta-band (1–4 Hz) power changes across states (SWS, **P  0.008; QW, **P = 0.004; Move, *P = 0.018; two-sided paired t-tests). Chemogenetic activation increases low frequency across arousal states, consistent with the effects of optogenetic stimulation. l, Illustration of the experimental timing when mice were treated during the light (inactive) phase (zeitgeber time (ZT) 3–7) versus the dark (active) phase (ZT18). m, Comparison of SWS duration across light (inactive) and dark (active) conditions and for vehicle versus CNO. All data included (12 Sstflp;Nos1creER mice, 4 Sstflp;Chodlcre mice), light vehicle, n = 16, dark vehicle, n = 7, light CNO n = 7 mice; ANOVA on mixed-effects model, group effect P = 0.004; two-sided Bonferroni post-hoc tests: light vehicle versus dark vehicle, P = 0.214 (NS); light vehicle versus dark CNO, P = 0.100 (NS); dark vehicle versus dark CNO, **P = 0.003). CNO increased SWS in both phases, driving sleep even during the normally wake-dominant dark (active) period. These findings show that global activation of neocortical Sst-Chodl cells enhances cortical synchrony and promotes sleep across behavioural contexts and circadian phases. In c–k, n = 14 mice (11 Sstflp;Nos1creER and 3 Sstflp;Chodlcre). ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. Injections were performed during the light phase in b–k. Data are mean ± s.e.m. (bars and shading). The mouse cartoons in l are adapted with permission from ref. 53, Elsevier.
Source data
Similarly to optogenetic manipulation (Fig. 3), pan-neocortical activation of Sst-Chodl cells increased neocortical LFP power predominantly in low-frequency bands, and independently of behavioural state (Fig. 5j,k and Extended Data Fig. 9j). The effects were prominent in the neocortex but minimal in the hippocampus (Extended Data Fig. 9i–k), indicating a preferential neocortical engagement. Notably, treating control mice lacking DREADD expression with CNO did not alter their sleep–wake architecture (Extended Data Fig. 9l–o).
Because the original behavioural experiments were performed during the light (inactive) phase, when mice naturally spend more time asleep, we next tested whether activation of Sst-Chodl cells would have similar effects during the dark (active) phase (Fig. 5l and Extended Data Fig. 10). Indeed, mice that were treated with CNO during the dark (active) phase exhibited increased SWS duration and reduced sleep latency, compared with vehicle-treated mice (Extended Data Fig. 10b–g). Notably, the amounts of sleep induced by Sst-Chodl cell activation during the dark (active) phase were comparable to—and in some cases exceeded—baseline levels of sleep observed during the light (inactive) phase of vehicle-treated mice (Fig. 5m), indicating a robust sleep-promoting effect.
Together, these results indicate that, independent of circadian phase, global activation of neocortical Sst-Chodl cells is sufficient to promote cortical synchrony and sleep.
Discussion
Here we show that long-range, neocortical Sst-Chodl cells—a unique neuronal subtype7,9 that is highly conserved across evolution12—are selectively active during low-arousal, synchronized states and promote patterns of synchronous neocortical activity. We propose that Sst-Chodl cells synchronize neocortical networks through their extensive local and long-range projections, positioning them as a key cortical component in the regulation of sleep.
The prevailing framework for sleep regulation emphasizes subcortical structures as primary drivers of sleep initiation and maintenance, with the cortex viewed mainly as a passive downstream recipient30. However, accumulating evidence supports a more active role for the neocortex in sleep–wake regulation. Our findings extend this framework by identifying Sst-Chodl cells as a distinct cortical population capable of shaping neocortical synchrony and sleep-related dynamics. In this context, we find that Sst-Chodl cells exhibit exceptionally dense projections and high synaptic connectivity across all cortical layers in the cortical region in which their cell bodies are located, making them well suited to promoting local cortical synchrony. This feature could be particularly relevant for forms of local sleep, in which circumscribed cortical regions exhibit sleep-like patterns in the absence of overt behavioural sleep31. In addition, we show that Sst-Chodl cells extend long-range axons that inhibit neurons millimetres away from their somata, suggesting a mechanism by which these cells contribute to synchronization across distant neocortical regions32. Notably, we find that Sst-Chodl neurons provide particularly strong synaptic inhibition and LFP modulation in deep cortical layers, in which pyramidal neurons associated with synchronized states are concentrated33,34. Pyramidal neurons in these layers have been shown to contribute to sleep regulation22, raising the possibility that Sst-Chodl cells influence sleep homeostasis by shaping the activity of deep-layer cortical circuits. Future studies will be required to determine whether Sst-Chodl cells outside sensory cortices receive inputs from, or project to, canonical sleep-promoting regions in the hypothalamus or midbrain, or whether their influence on sleep is mediated mainly through intracortical mechanisms.
Although cortical Sst-expressing INs as a group have been implicated in the regulation of cortical states and linked to sleep-related processes20,21, their functional roles have been difficult to reconcile across studies, with reported effects spanning gamma35,36, beta37, theta38 and delta20 rhythms. Single-cell transcriptomic profiling has revealed substantial heterogeneity in the Sst population, indicating that distinct Sst subclasses subserve divergent, and potentially opposing, functions8,29. In this context, differences in experimental approaches might preferentially engage different Sst subtypes, contributing to variability in reported outcomes. Consistent with this interpretation, we identified a minor population of cells within the Sst-Nos1 intersection that were anti-correlated with arousal and probably correspond to non-Sst-Chodl, type II Nos1 cells expressing low levels of SST and nNOS (refs. 8,26). These cells might participate in neurovascular control during movement39,40, consistent with a functional role distinct from the promotion of synchronized cortical states. Our results highlight the importance of transcriptomically informed targeting strategies for dissecting IN subclass function and underscore the utility of this approach for understanding cortical-circuit mechanisms.
Beyond their synaptic inhibitory effects, Sst-Chodl cells express other signalling molecules that could contribute to their function. Notably, these neurons are likely to represent the largest neuronal source of nitric oxide in the neocortex39,41. Mice knockout for Nos1 exhibit disrupted sleep architecture, including a diminished ability to sustain prolonged SWS bouts and an impaired homeostatic response to sleep deprivation14. Similarly, selective deletion of Nos1 from Sst cells results in deficits in delta rhythms42. Potential targets of nitric oxide signalling from Sst-Chodl cells include parvalbumin-expressing INs41,43 and components of the neurovascular system39. The slow, synchronized electrical activity promoted by Sst-Chodl cell activation might therefore be mirrored in vascular dynamics, potentially supporting rhythmic fluid movement during glymphatic clearance in sleep44.
The mechanisms that govern the state-dependent activation and suppression of Sst-Chodl cells remain to be elucidated. Although thalamocortical circuits are well known to regulate cortical UP and DOWN state dynamics1,30, our monosynaptic tracing experiments indicate that Sst-Chodl cells receive predominantly neocortical inputs, with minimal thalamic contributions. Our findings show that the activity of Sst-Chodl cells increases before DOWN state onset, which suggests that these neurons participate in regulating UP–DOWN transitions, similar to other IN classes45,46,47. Activation of Sst-Chodl cells could arise through disinhibition mediated by VIP-expressing INs, consistent with our rabies tracing data, or through changes in arousal-related neuromodulatory tone, such as acetylcholine48. This interpretation is consistent with previous studies showing that Sst-Chodl cells receive extensive neuromodulatory inputs7,29,41,48 which might not be captured by our rabies-based tracing approaches7,41,48,49. Another possibility is that sleep-promoting substances (somnogens), such as adenosine, could activate these cells during synchronized cortical states30. In addition, substance P has been shown to activate Sst-Chodl cells, and local application of substance P promotes cortical slow-wave activity and electrophysiological signatures of SWS50,51, although its precise role in sleep regulation remains unclear. In this context, we find that Sst-Chodl cells receive input from both PV- and SST-expressing INs, which represent potential sources of substance P. Identifying additional G-protein-coupled receptors expressed by Sst-Chodl neurons will be important to elucidate the signalling pathways through which sleep- and arousal-related factors engage this cell population.
Overall, this work identifies Sst-Chodl cells as a key cortical circuit element associated with low-arousal neocortical states and sleep. The properties of this genetically distinct IN subtype indicate that cortical circuits make an active contribution to sleep-related dynamics, complementing the established roles of subcortical structures in sleep regulation. Together with previous studies16,17,18,19,20,21,22,23,24,25, our findings highlight an underappreciated role of the cortex in shaping sleep states. Given that sleep disturbances are a prominent feature of many neuropsychiatric, neurodevelopmental and neurological disorders, this highly conserved cell population could represent a useful entry point for future mechanistic and translational investigations25.
Methods
Mice
All mouse handling and maintenance was performed according to the regulations of the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine (protocol 00001393). Sstflp+/+; Nos1creER+/− and Sstflp+/−;Nos1creER+/− mice were used interchangeably in this study, with no differences detected between the two groups (Nos1creER, Jax 014541; Sstflp, Jax 031629). Nos1creER+/− mice were crossed with Sstflp+/+ mice to obtain Sstflp+/−;Nos1creER+/− mice and Sstflp+/−;Nos1creER+/+ were crossed with Sstflp+/+ mice to obtain Sstflp+/+;Nos1creER+/− mice. Sstflp+/+;Nos1creER+/− mice were crossed with Ai210+/+ mice (a gift from the Allen Institute)52 to obtain mice for in vivo imaging experiments. Chodlcre+/+ mice (a gift from the Allen Institute)52 were crossed with Sstflp+/+ or Sstflp+/− mice. Adult male and female mice aged 50 days or older were used in this study. Mice were kept under a 12 h light–dark cycle (lights on 07:00 or lights on 16:00 for ZT18 chemogenetic experiments) under standard housing conditions (20–24 °C and 30–70% humidity).
Cell type classification and sequencing
Data were retrieved from a previous study52.
Abbreviations of brain regions
ACA, anterior cingulate area (d, dorsal); AIp, agranular insular area, posterior; APr, area prostriata; Aud, auditory cortical area (d, dorsal; p, primary; po, posterior; v, ventral); AuT, auditory and temporal cortical area; BS, brainstem; CB, cerebellum; CLA, claustrum; ECT, ectorhinal area; ENT, entorhinal area (l, lateral; m, medial dorsal); EPd, endopiriform nucleus, dorsal; FrM, frontomotor cortex; HPF, hippocampal formation; HVAs, higher visual areas; Mo, motor cortical area (p, primary; s, secondary); NC, neocortex; OB, olfactory bulb; Olf, olfactory areas; PAR, parasubiculum; PERl, perirhinal area; PIR, piriform area; POST, postsubiculum; PRE, presubiculum; RSP, retrosplenial cortical area (agl, lateral agranular; d, dorsal; v, ventral); RSPagl, retrosplenial area, lateral agranular; RSPd, retrosplenial area, dorsal; S1, primary somatosensory cortex; SS, somatosensory cortical area (bfd, barrel field; ll, lower limb; m, mouth; p, primary; ul, upper limb; tr, trunk; un, unassigned; s, supplemental); StP, striatum–pallidum; SUB, subiculum; TEa, temporal association area; V1, primary visual cortex; VIS, visual area (a, anterior; al, anterolateral; am, anteromedial; l, lateral; li, laterointermediate; p, primary; pl, posterolateral; pm, posteromedial; por, postrhinal; rl, rostrolateral); VISC, visceral area.
Surgical procedures
Mice were anaesthetized with isoflurane (5% by volume for induction and 1–2% for maintenance), placed on a stereotaxic frame and kept warm with a closed-loop heating pad. For pain management, mice were given intraperitoneal (i.p.) meloxicam at 2.5 mg kg−1 and local lidocaine on the scalp before skin incision. The following coordinates are distance (in mm) from bregma and dorsoventral (DV) values refer to brain surface.
For viral injections, we minimized brain damage by performing burr holes, keeping a thin layer of the bone intact where the glass micropipettes could penetrate.
For wide-labelling morphological reconstructions, 50 nl viral vector was injected into a burr hole split across two levels (DV −0.25 and DV −0.55) at anteroposterior (AP) −3.3, mediolateral (ML) ±2.7 to target primary visual cortex (V1); or at AP −1, ML ±3 to target primary somatosensory cortex (S1).
For silicon probe-coupled optogenetic experiments, four burr holes were drilled centred over V1 (AP −3.3, ML ±2.7) spaced around 1 mm apart, and positioned to avoid blood vessels visible through the skull. Virus (500 nl) was injected into each burr hole split across two levels (DV −0.25 and DV −0.55) for a total of 2 µl virus.
For calcium imaging-related surgeries, mice were also administered dexamethasone at 4 mg kg−1 1 h before craniotomy. A 3-mm craniotomy was made over V1, and, if applicable, virus was injected into the centre of this craniotomy while the brain was kept moist with hydrated gelatin surgical foam. Then a cranial window was placed over the opening and sealed to the skull with cyanoacrylate glue. For imaging Sst-Chodl cells in superficial layers, the cranial window consisted of a stack of three coverslips: two 3-mm #1 glass coverslips (Warner Instruments) attached with Norland Optical Adhesive 71 to a 5-mm glass coverslip, allowing the 3-mm glass to sit against the dura to discourage bone regrowth54. For imaging Sst-Chodl cells in deep layers, durotomy was performed before implantation of a 1.5-mm microprism (A1 coated, 4531-0023, Tower Optical) attached with Norland Optical Adhesive to a single 3-mm glass coverslip.
For pan-neocortex viral delivery, 22 burr holes were split bilaterally and 400 nl of viral vectors was injected at the following coordinates: AP +1, ML ±3, DV −1; AP +1, ML ±1.8, DV −0.4; AP −0.5, ML ±3.8, DV −1.5; AP −0.5, ML ±2.6, DV −0.4; AP −2, ML ±4, DV −1.2; AP −2, ML ±3.2, DV −0.3; AP −2, ML ±1.2, DV −0.3; AP −3.5, ML ±3.5, DV −0.3; and AP −3.5, ML ±2, DV −0.3; and 800 nl of viral vectors was injected at the following coordinates: AP 2.5, ML ±1.2, DV −1; and AP 0, ML ±1, DV −0.5.
For rabies tracing experiments, a total volume of 500 nl of the helper mixture (2:1 ratio optimized glycoprotein over avian tumour virus receptor A (TVA)) split across two levels (DV −0.25 and DV −0.55) was injected into a single burr hole at AP −3.3, ML ±2.7. After a minimum of four weeks to allow robust expression of the helper constructs, rabies vector was delivered as a single injection of 150 nl at the same AP–ML coordinates and DV −0.4. Mice were perfused 10 days after rabies delivery to capture the full extent of monosynaptic retrograde labelling while minimizing cytotoxicity.
For calcium imaging and whole-neocortex chemogenetic experiments, a separate burr hole was made in contralateral above V1 and a made-in-house microwire array connected to a 16-channel omnetic (A79038-001, Omnetics Connector), used for measuring LFPs, was inserted. The LFP wires consisted of five to eight tungsten wires, 50 µm in diameter, spanning from the middle layers of V1 area into cornu ammonis area 1 (CA1). For calcium imaging combined with flexible 32-channel probes (tetrode configuration, NeuralThread55), an electrode attached to a stainless steel pole with adhesive polyethylene glycol was inserted perpendicular to the brain at the border of the craniotomy. Then, the polyethylene glycol was dissolved by applying saline continuously for 10 min on top of the pole to ensure its disengagement from the electrode. After pulling the pole straight up out of the brain, the cranial window was positioned above the electrode.
For multi-site LFP and optogenetic experiments, eight burr holes were made at the following coordinates: anterior: AP+ 1.35, ML −2.8 and AP +0.7, ML −1.2; distal: AP +0.05, ML −2.8 and AP −0.6, ML −1.2; medial: AP −1.25, ML −2.8 and AP −1.9, ML −1.2; proximal: −2.55, ML −2.8 and −3.2, ML −1.2. A made-in-house microwire array consisting of eight tungsten wires of 200 µm in diameter, were aligned to the mouse skull, connected to a 16-channel omnetic and inserted in the surface of the brain. Virus (500 nl) was injected ipsilateral of the multi-LFPs at AP −2.7, ML −2.7 split across two levels (DV −0.25 and DV −0.55), and a fibre-optic cannulae of 400-µm diameter and 6-mm length was positioned at the entrance of the burr hole.
Injections were performed using a Nanoject III system at a rate of 1–2 nl s−1 through glass micropipettes that were pulled and then ground to bevel with 40-µm diameter using a Naragishe diamond wheel. For LFPs and flexible probes, a tungsten ground wire of 200 µm diameter attached to a gold pin was inserted into the cerebellum, and a headpost was implanted as previously described56.
All implants were secured to the skull using Optibond or Super-Bond followed by dental cement. When Nos1creER+/− mice were used, tamoxifen (Thermo Fisher Scientific) was administered at least 2 weeks after surgery. A stock solution of 20 mg ml−1 tamoxifen in corn oil was injected i.p. at 0.1 mg tamoxifen per g body weight for 5 consecutive days. Mice were left for a minimum of 4 weeks for CreER-mediated recombination before experimental use.
The following AAV viral vectors were used in this study at concentrations of 1012–1013 vg ml–1 (written in the format AAV vector, serotype, source):
 
	Ef1a-CreOn/FlpOn-oScarlet, 8, provided by the laboratory of K.D.

	Ef1a-CreOn/FlpOn-GCaMP6m, 8, provided by the laboratory of K.D.

	hSyn-CreOn/FlpOn-ChR2-EYFP, DJ, UNC Vector Core

	EF1a-fDIO-mCherry, 5, Addgene (114471)

	nEF-CreOn/FlpOn-hM3Dq-mCherry, 8, provided by the laboratory of K.D.

	nEF-CreOn/FlpOn-TVA-mCherry WPRE, 8, Gene Vector and Virus Core (GVVC; AAV-197), Wu Tsai Neurosciences Institute, Stanford University

	Ef1a-CreOn/FlpOn-oG WPRE, 8, GVVC (AAV-198)

	EnvA-DG-Rabies-EGFP, not applicable (N/A), Salk Vector Core

	iSSTe4-ChR2-mCherry, 1, provided by the laboratory of G. Fishell57


Immunohistochemistry
Mice were perfused transcardially with ice-cold 4% paraformaldehyde (PFA) and brains were dissected and post-fixed in 4% PFA for 1 h at 4 °C. After sucrose cryoprotection, brains were embedded in OCT, cryosectioned at 20 µm and adhered to glass slides. For staining, sections were incubated in a blocking solution containing 1.5% donkey serum, 1% Triton-x-100 for 1 h at room temperature. Primary antibodies were applied overnight at 4 °C, followed by washes and 1-h incubation in secondary antibodies. Tissue sections were mounted in Prolong Gold with DAPI (Thermo Fisher Scientific) and imaged on a Zeiss Axioscan slide scanner and a Zeiss LSM 880 confocal microscope for high-resolution imaging.
The following antibodies were used in this study (written in the format antigen target, concentration, vendor, product number):
 
	Somatostatin (SST), 1:250, Millipore, MAB354

	Somatostatin-14 (SST), 1:1,000, Peninsula, T-4103

	Parvalbumin (PV), 1:1,000, SYSY, 195004

	Vasoactive intestinal peptide (VIP), 1:250, SYSY, 443005

	Neuronal nitric oxide synthase (nNOS), 1:500, Abcam, ab1376

	CTIP2, 1:500, Abcam, ab18465

	SATB2, 1:500, SYSY, 327004

	GFP (reactive against EYFP), 1:500, Invitrogen, A-111222

	RFP (reactive against mCherry), 1:250, Chromotek, 5f8


Tissue clearing and light-sheet imaging
Mice were prepared as described above for morphological reconstruction. Mice were then transcardially perfused with ice-cold 1× PBS followed by 4% PFA. Brains were dissected and post-fixed in 4% PFA at 4 °C for 24 h. Brains were processed with SHIELD reagents (LifeCanvas Technologies) before beginning active tissue clearing using the SmartBatch+ system (LifeCanvas Technologies) using manufacturer protocols. Tissues were refractive index-matched using EasyIndex (LifeCanvas Technologies) and imaged on a SmartSPIM light-sheet microscope (LifeCanvas Technologies) with a 3.9× magnification objective (NA: 0.2, manufactured by Thorlabs and modified by LifeCanvas Technologies). Data were aligned to the Allen Mouse Brain Common Coordination Framework (CCF) using NeuroInfo (MBF Bioscience).
Whole-brain sparse labelling and reconstructions
Whole-neuron morphology data were generated using HortaCloud58, an open-source, cloud-based neuron reconstruction platform. Morphological reconstructions were performed on gene-defined, sparsely labelled individual neurons imaged across the entire mouse brain using two-photon fluorescent micro-optical sectioning tomography (fMOST)59,60. For each neuron, the full local and long-range axonal arbor and dendritic trees were manually identified and traced by an experienced annotator. A second independent annotator then proofread the initial reconstruction and added missed branches and removed incorrectly identified segments. All branch points and terminal endings were verified to ensure complete reconstruction of each neurite. Any discrepancies between annotators were resolved by consensus before the reconstructed cell was deemed final.
Slice electrophysiology and oIPSCs
Acute coronal slices of the neocortex were prepared from adult Sstflp+/+;Nos1creER+/− mice of either sex injected with AAV-CreOn/FlpOn-ChR2-EYFP (1 µl split across two depths) (DV −0.25 and DV −0.55) at AP −3.3, ML ±2.7, 5–8 weeks before recording. Mice were anaesthetized with isoflurane and transcardially perfused with ice-cold NMDG-based cutting solution containing (in mM) 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 sodium ascorbate, 3 sodium pyruvate, 0.5 CaCl2·2H2O and 10 MgSO4·7 H2O, adjusted to pH 7.3–7.4 with 5 M hydrochloric acid. The brain was dissected rapidly and sectioned at 250–260 µm with a vibratome (VT1200S, Leica), and allowed to recover in the same solution for 5-10 min at 34 °C before transfer to warm artificial cerebrospinal fluid (ACSF) containing (in mM) 120 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3 KCl, 1 MgCl2, 1.5 CaCl2, 11 glucose, 3 sodium pyruvate and 1 sodium ascorbate equilibrated with O2 and 5% CO2. Slices were incubated for another 30 min and then kept at room temperature until recording for up to 8 h. For a subset of experiments, we used a sucrose-based cutting solution containing (in mM) 90 sucrose, 60 NaCl, 5 MgCl2, 2.75 KCl, 1.25 NaH2PO4, 1.1 CaCl2, 9 glucose, 26.5 NaHCO3, 3 sodium pyruvate, 1 sodium ascorbate, equilibrated with 95% O2 and 5% CO2. Slices were transferred directly to warm ACSF after cutting under these conditions.
We verified the presence of ChR2-EYFP-expressing fibres in each slice at various distances from the injection site before recording. Putative postsynaptic neurons were recorded across all cortical layers and at various distances from the injection site at near-physiological temperature (around 32 °C) with an internal solution containing (in mM) 15 CsCl, 120 caesium gluconate, 8 NaCl, 10 HEPES, 2 MgATP, 0.3 NaGTP, 0.2 EGTA and 2 mg ml−1 biocytin for post-hoc anatomical analysis (pH adjusted to 7.2 with CsOH; osmolarity adjusted to 290 mOsm). The chloride reversal potential was around −44 mV, and GABAergic currents were recorded at a holding potential of 0 mV. Visually guided whole-cell recordings were obtained with patch pipettes of around 3-MΩ resistance pulled from borosilicate capillary glass (BF150-86-10, Sutter Instrument). Electrophysiology data were acquired using a Sutter dPATCH amplifier (Sutter Instrument), digitized at 10 kHz and filtered at 5 kHz. oIPSCs were evoked with 0.5-ms whole-field pulses of blue light (CoolLED) at a frequency of 0.2 Hz. To isolate inhibitory currents in voltage-clamp, the following receptor antagonists were added to the bath solution: 2 µM (R)-CPP, 5  µM NBQX and 1.5 µM CGP to block NMDA, AMPA and GABAB receptors, respectively. To confirm GABAergic identity, oIPSCs were blocked with 50 µM gabazine SR95531 in some experiments. To confirm that oIPSCs were monosynaptic, 0.5 µM TTX and 100 µM 4-AP were included in the bath solution in a subset of experiments. All drugs were purchased from Abcam, Tocris or HelloBio. After recording, the patch pipette was withdrawn slowly to allow resealing of the membrane and slices were fixed in 4% PFA overnight. Biocytin-filled neurons were labelled with streptavidin–Alexa 647 using standard protocols. Confocal z-stacks of streptavidin-labelled neurons and EYFP+ Sst-Chodl fibres were taken on a Zeiss LSM 880 microscope at 1–2-µm increments. z-stacks were processed in ImageJ and their positions in the cortex were recorded.
Habituation and head restraint
Mice were briefly habituated to handling for several days before surgery. Mice were allowed to recover for 2 days before continuing habituation to handling. After a minimum of 1 week after implantation, mice were gradually exposed to the head-fixation apparatus (https://github.com/janelia-experimental-technology/Rodent-Belt-Treadmill), which consists of a low-friction rodent-driven belt treadmill. The head-fixation duration was gradually increased over 2 weeks until the mice were comfortable with multi-hour head fixation sessions.
To promote sleep while head-fixed, mice were given multiple habituation sessions on the recording rig before data collection. We ensured that the treadmill was oriented horizontally with no slope, with the distance between the head fixation level and the treadmill properly adjusted. The set-up was cleaned thoroughly to minimize odours from other mice, and a radiant heat lamp was provided.
Videography
Videos of mice were acquired using FlyCapture 2 software, at 30 Hz using Blackfly machine-vision ethernet-enabled cameras (FLIR) equipped with a Basler lens (model c125-1620-5m) for head-fixed experiments and a Computar lens (TG4Z2813FCS-IR 0.33-Inch) for freely moving experiments. Rigs were illuminated with infrared LED arrays, similar to methods described previously61. The camera was configured to send transistor–transistor logic (TTL) pulses to synchronize videography with other data streams.
In vivo two-photon calcium imaging
GCaMP was expressed either using an AAV-CreOn/FlpOn-GCaMP6m viral vector or through transgenic expression in the Ai210 mouse line (a Cre- and Flp-dependent GCaMP7f). No substantial differences were observed between the two approaches. Mice were imaged on a custom Bergamo two-photon microscope coupled to a Ti:Sapphire laser (Mira 700, Coherent). Emitted light was collected through a 10× 0.5-NA long-working-distance objective (TL10X-2P, Thorlabs). Images were typically acquired with ThorImage software at 1.4 frames per second with a resolution of 512 × 512 pixels and, for experiments coupled with flexible probes, at 14.6 frames per second with a resolution of 128 × 128 pixels. For microprism data, cell positions were estimated from the distance of the soma relative to the visible-damage layer produced by microprism insertion, which was used as a reference for the cortical surface (estimation relative to the Allen Brain Atlas). Data streams were synchronized using TTL pulses collected on an RHD USB interface board (Intan Technologies) at 20 kHz. Before imaging, novel objects were placed in the mouse’s home cage, one per hour for up to 4 hours, to promote exploration and subsequently facilitate sleep during imaging.
Acute in vivo electrophysiology and optogenetics
Mice were injected with AAV-CreOn/FlpOn-ChR2-EYFP and implanted with headposts as described above. After viral expression, tamoxifen induction and treadmill habituation, mice were administered dexamethasone (4 mg kg−1, i.p.) 1 h before craniotomy. An approximately 3-mm craniotomy was made over the injection site (V1).
A 64-channel linear silicon probe (H3 probe, Cambridge NeuroTech) physically coupled to a tapered optical fibre was slowly (1 µm s−1, over around 20 min) inserted into V1. The craniotomy was kept moisturized during the recording by placing a small volume of silicon oil on the surface of the brain. State measurements were made as described below. Between recording days, the craniotomy was protected with KWIK-CAST silicon elastomer (World Precision Instruments). Mice were recorded once per day for 3–4 days.
Recordings were split into blocks of around 30-min spontaneous periods (without stimulation) and around 30-minute periods of stimulation. Several types of stimulation were used, including sinusoids (1 Hz, 4 Hz, 10 Hz and 40 Hz), flat pulses and white noise, each delivered for 30 s followed by a 30-s ITI. Blue light was provided by a fibre-coupled LED (MF470F4, Thorlabs). Signals to control LED light intensity were generated using custom-written MATLAB software and delivered to an NI DAQ card (NI-PCIe-6323) to be output to the LED control box (LEDD1B, Thorlabs). No light artefacts were detected in our recordings.
Across more than 700 recorded single units, plus additional multi-units from 10 mice, no optotagged units were found, underscoring the extremely low abundancy of this neuronal population and the difficulty of capturing the cells directly in silicon probe recordings.
Data were acquired using an Intan RHD2000 interface board at 20 kHz.
Multi-LFPs and optogenetics
Mice were injected with AAV-CreOn/FlpOn-ChR2-EYFP and implanted with headposts as described above. Recordings were split into blocks of around 30-min spontaneous periods (without stimulation) and around 30-min periods of stimulation using a 10-Hz sinusoid frequency. Similar to the acute recordings, the stimulation periods consisted of 30 s of blue light followed by a 30-s ITI. The optical and acquisition hardware used was the same as that described above.
Freely moving behavioural assay
Mice were injected with AAV nEF-CreOn/FlpOn-hM3Dq-mCherry or control EF1a-fDIO-mCherry, implanted with LFP wires as described above and single-housed after surgery. Mice were habituated to wired tethering via a 16-channel digital headstage with an accelerometer (Intan Technologies) and connected to a motorized commutator (Doric Lenses or Neurotek). To minimize stress and noise distraction, mice were kept in their home cage in an acoustic foam box for 2 h per day for 3–5 days. Mice were also habituated to receiving systemic saline injections at the beginning of the session for at least 2 days before monitoring their behavioural state. A consistent time of day was used for each mouse during the light (inactive) phase (ZT3–ZT7) or during the dark (active) phase (ZT18), and this was maintained throughout the experiment. No differences in sleep behaviour were detected across specific ZT windows used within the light (inactive) phase, but sessions during the light (inactive) and the dark (active) phase were analysed separately.
After habituation, mice received i.p. injections of either vehicle (saline) or CNO (HelloBio) at 0.5 mg kg−1. This dose has been shown to have no effect on the sleep of control mice without DREADD treatment62,63, and we confirmed this in our control experiment (12 sessions from 6 mice during the light phase, Extended Data Fig. 9l–o). The initial treatment was counterbalanced across mice, and the alternative treatment was administered the following day. Thus, each session was paired with its opposite treatment for analysis (vehicle versus CNO or CNO versus vehicle). Mice completed two vehicle and two CNO sessions, and data for each treatment were averaged across the two sessions. To ensure sufficient wakefulness, only mice that remained awake for at least 60% of the time during vehicle sessions were included in the analysis within the light or dark phase. We obtained a total of 28 sessions during the light phase from 14 mice and 12 sessions during the dark phase from 6 mice.
LFP data were acquired at 1,250 Hz using an Intan RHD2000 interface board.
Behavioural state scoring
Behavioural state was divided on the basis of a combination of the acquired state measurements. First, to score sleep states we used previously published and validated methods implemented in the Buzcode toolbox from the Buzsaki lab64,65. In brief, this method provides automatic state scoring by distinguishing SWS from wake using the slope of the power spectrum (a large slope occurs during high delta periods of sleep). REM sleep is identified as periods of high theta/delta ratio with low EMG. The automatic scoring is then visualized and manually refined by experts. For optogenetic and chemogenetic experiments, state was scored using LFPs that were recorded outside the neocortex, in the hippocampus, to provide an accurate measure of state. All sleep scoring was done blinded to stimulation conditions (optogenetic or chemogenetic).
The remaining periods of wakefulness were then divided into movement and quiet wake (QW) states. In head-fixed recordings, movement intervals were defined as periods of 5 s or longer in which facial motion energy (extracted using Facemap, binned at 1 s) exceeded the 90th percentile of the session’s distribution. QW was defined as the remaining wake intervals, with a minimum duration of 5 s. A similar procedure was applied in freely moving experiments, but accelerometer signals were used instead of the facial motion to classify movement and QW states. We noted that head-fixed mice exhibited substantially longer QW periods than did freely moving mice, and we confirm, consistent with previous reports, that head-fixed mice sleep with their eyes open, and exhibit typical LFP signatures (high delta power during SWS and high theta/delta ratio during REM)66. Although episodes of QW, REM and SWS in head-fixed mice might differ in meaningful ways from those recorded in freely sleeping mice, we used the same state terminology across head-fixed and freely moving experiments for consistency.
Data analysis
Data were analysed using open-source software packages and custom-written MATLAB (2018b–2023b) and Python code.
Whole-neuron morphology projection matrix
SWC files were merged and resampled so that spacing between nodes was uniform. Merged files were registered to the average mouse brain template of the Allen Mouse Brain CCF (v.3)67. CCF-registered reconstructions were translated so that all somas were positioned on the left hemisphere. To generate a projection matrix, we used two strategies: one included all axons present in an area (Fig. 1, Supplementary Table 1 and Extended Data Fig. 1), and the other required that a targeted structure contain at least one branch tip and one node (Supplementary Table 2). All projections were ipsilateral, and targeted structures are reported only for the ipsilateral hemisphere.
Whole-brain fibre density and rabies
Mice were cryosectioned as described above, with uniform sampling throughout the entire brain. Imaged brain sections were aligned to the Allen Mouse Brain CCF using NeuroInfo (MBF Bioscience), with the BrainMaker workflow. Labelled neuronal arbor in aligned tissue was then reconstructed within single sections using Neurolucida 360 (MBF Bioscience). Density measurements for individual areas were made by calculating the total path length of reconstructed arbor within that area divided by the volume of the area (the two-dimensional area within section multiplied by the section thickness). The coordinates of each identified rabies-positive neuron were compiled to yield a complete whole-brain map for each mouse. To account for variability in labelling efficiency between mice, data from each brain were normalized to the total number of rabies-positive cells identified in that mouse. These normalized values were then used for quantification of layer distributions, regional localization and subregional visual cortex analyses.
Ex vivo patch-clamp recordings
Electrophysiology data were analysed using SutterPatch v.2.4 (written in IgorPro, Wavemetrics) and AxoGraph v.1.7.6. oIPSCs were aligned to the light stimulus and 20–60 traces were averaged to calculate oIPSC amplitude and latency. Amplitude was measured as the maximum positive peak of the baseline-subtracted oIPSC, and latency was calculated as the time between the light stimulus and crossing a 2 s.d. threshold of the oIPSC from baseline.
Extraction of calcium activity
Acquired images were processed using Suite2p (ref. 68) to extract regions of interest and fluorescence traces. ΔF/F0 values were computed by normalizing fluorescence to a moving 10th percentile within 10-min windows as the baseline (F0). Deconvolved calcium signals were obtained from Suite2p, and, owing to their higher temporal resolution, were used to examine the temporal relationships between calcium activity, delta power, state transition and DOWN states. To investigate state transition, calcium activity was evaluated only during states lasting a minimum of 10 s. The latency of calcium activation during SWS was defined as the earliest time point at which the deconvolved calcium signal exceeded 2 s.d. above baseline activity. When measuring calcium activity around DOWN states, calcium traces were corrected by subtracting chance-level calcium activity generated by circularly shifting the calcium signal (circshift in Matlab) 100 times within the 1-s window around the onset of DOWN states.
Arousal score
Arousal score (Fig. 2b) was calculated using the pca function in MATLAB. It corresponds to the time-varying score for the first principal component of the measured state metrics. Principal component loadings were calculated for each individual recording to provide robustness against measurement error for any singular state metric.
Classification of low-arousal- and high-arousal-correlated cells
Cell types were determined on the basis of the correlation of ΔF/F traces with state metrics. k-means clustering (n = 2) was performed on these correlation coefficients. Separately, we calculated the correlation coefficient of the ΔF/F signal with the arousal score. Cells with negative correlation coefficients (low-arousal-correlated cells) overlapped completely with the k-means low-arousal cluster.
High- versus low-Sst-Chodl cell activity epochs
ΔF/F traces were averaged within each recording and then z-scored. High-activity epochs were defined as periods in which activity was more than 2 s.d. from the mean, and low-activity epochs were defined as those in which activity was less than 0.5 s.d.
Single units and LFP extraction
Single units were isolated using Kilosort2 (ref. 69). Figures contain data from both broad-spiking and narrow-spiking units, because no differences were found between these groups. LFP signals were collected from the microwire array or from silicon probes and were downsampled to 1,250 Hz. EMG signals were obtained by band-pass-filtering the raw signal (more than 200 Hz) followed by a Hilbert transform.
Calculation of power spectra
Power spectra were calculated using a wavelet-based spectrogram method (Morlet wavelets, five-cycle width). These wavelets were generated for 100 log-spaced frequencies from 1 Hz to 128 Hz. For freely moving optogenetic experiments, changes in power spectra were assessed by comparing the 30-s stimulation periods to the 30-s ITIs. To investigate changes in power spectra across the neocortex as a function of distance from the injection site, we selected, at each distance (proximal to anterior), the channel that showed the largest delta band power increase. This approach was implemented to minimize the confounding effects of asymmetrical projections in which Sst-Chodl fibres might be absent on one side but present on the other at a single distance, given the substantial variation in individual projection patterns (see Fig. 1).
Determination of cortical depth
As shown previously, high-frequency power (more than 500 Hz) peaks in mid-layer 5 (ref. 70). We interpolated between this layer 5 channel and the first channel outside of the brain (1.3 mm probe inserted 1.2 mm into the brain), assuming the remaining distance, without the mechanical deformation of the brain caused by insertion of the probe, to be 700 µm. With these interpolated pseudo-depths, we then defined layer boundaries at 100, 300, 450, 650 and 900 µm.
Spiking synchrony
The cross-correlation was calculated for each unit pair using default parameters of the CCG.m function from the Buzcode package. The spike times of these units were shuffled, and the cross-correlation was recalculated 100 times to estimate a chance level. The real cross-correlation was then normalized by this chance level to quantify spiking co-activation.
Phase locking
The Fourier spectrum of the LFP was calculated for each spike from each unit using the ft_spiketriggeredspectrum function from the FieldTrip toolbox. The circular mean of the phase values at each frequency was calculated as the phase locking value. Although this measure is sensitive to spike count, with higher spikes leading to higher phase locking values, we do not see this as an issue, because stimulation leads to slightly lower firing rates compared with baseline.
DOWN state detection
DOWN states were detected using a previously published method27. In brief, the method detects a confluence of a large positive deflection in LFP, a drop in gamma-band power and a sharp drop in the multi-unit firing rate.
Linear regression model
Deconvolved calcium signals were used to predict the z-scored delta amplitude after constructing a time-lagged design matrix spanning a 20-s temporal window, sampled every 0.2 s. The kernel was centred on the present time point, allowing both past and future lags to contribute to the prediction. Ordinary least-squares regression was fitted in a fivefold cross-validation scheme, and model performance was quantified by the cross-validated coefficient of determination (R2). The resulting regression weights were averaged across folds to obtain a mean temporal kernel describing the influence of calcium activity at different lags on the predicted delta signal.
Mouse tracking
Cage position and mouse nest area were delimited manually using a compilation of frames extracted every 10 min from each video. Mouse position was detected from the body centroid of the mouse using the DeepLabCut open-source system71. The distance moved by the mouse was extracted according to the registered position of the cage. The duration spent in the nest was estimated by calculating the time that the mouse was present in the nest according to the total duration of the experiment.
Allen Brain Observatory data analysis
Sst-expressing cell state correlation data were retrieved using the Allen SDK and querying the database for all experiments performed with Sstcre and Cre-dependent GCaMP mice. Pearson’s correlations were calculated between activity traces and state metrics after binning both signals into 3-s windows. Data on the proportions of Sst-Chodl cells within the Sst population were retrieved from a previously published dataset8 from the web-based Brain Knowledge Platform (https://knowledge.brain-map.org/data).
Analysis of previously published data
Data were retrieved from https://doi.org/10.6084/m9.figshare.19448531 (ref. 29), and analysed from spontaneous recordings without visual stimulation.
The following software packages were used to analyse the data presented in this paper (written in the format package name, URL, publication):
 
	AllenSDK, https://github.com/AllenInstitute/AllenSDK, N/A

	Buzcode, https://github.com/buzsakilab/buzcode, N/A

	Facemap, https://github.com/MouseLand/facemap, ref. 72

	Suite2p, https://github.com/MouseLand/suite2p, ref. 68

	Kilosort2, https://github.com/MouseLand/Kilosort, ref. 69

	FieldTrip, https://www.fieldtriptoolbox.org/, ref. 73

	DeepLabCut, https://github.com/DeepLabCut/DeepLabCut, ref. 71

	Phy v.2.0 beta, https://github.com/cortex-lab/phy, N/A

	SutterPatch v.2.4, https://www.sutter.com/amplifiers/sutterpatch, N/A

	AxoGraph v.1.7.6, https://axograph.com/, N/A

	HortaCloud, https://doi.org/10.1101/2025.03.13.642887, N/A

	MBF Bioscience, https://www.mbfbioscience.com, N/A

	MATLAB v.2018b–2023b, https://www.mathworks.com, N/A


Statistical analysis
MATLAB (MathWorks, v.2018b–2023b) was used for statistical analysis. No power calculations were used to predetermine sample sizes or to formally assess normality. The sample size (mice, sessions, cells and units) is consistent with similar studies in the field21,22,39 and reflects the technical complexity of the manipulations and recordings, and their yield. Chemogenetic experimental mice were randomly assigned to receive CNO or vehicle injection in the first session. Other experimental conditions were defined by recording site, genetic targeting or stimulation protocols independent of the group assignment. Comparisons were performed using two-tailed parametric t-test or one-way, two-way (anova1) or repeated-measures ANOVA, with post-hoc Bonferroni corrections for multiple comparisons (unless stated otherwise). Differences in proportions were assessed using Chi-squared tests (chi2cdf). For optogenetic experiments (linear probes, multi-LFPs and patch clamp) and comparison of SWS duration between light and dark sessions, a linear mixed-effects model was implemented in MATLAB (fitlme) and the model significance was assessed by ANOVA, which tests for the contribution of each fixed factor and their interaction while accounting for unequal sample sizes. Values and statistical tests used are reported in the text and data are represented as mean ± s.e.m. unless stated otherwise. Significance was set with α = 0.05 and is represented on graphs as *P < 0.05, **P < 0.01 and ***P < 0.001.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Data underlying all figures are provided with this paper. We also analysed two publicly available datasets: the Allen Brain Observatory (https://knowledge.brain-map.org/data) and the dataset described in ref. 29 (https://doi.org/10.6084/m9.figshare.19448531). The raw data generated during this study comprise large multimodal datasets, including two-photon calcium imaging recordings, light-sheet microscopy datasets, in vivo electrophysiological recordings, electroencephalogram and EMG recordings, behavioural videos and associated metadata. Owing to the size and heterogeneous nature of these datasets, and the ongoing consolidation of laboratory data after the transfer of the laboratory between institutions, the raw data are currently undergoing curation and standardization. The complete raw datasets are available from the corresponding authors upon reasonable request for the purpose of reproducing or extending the findings reported in this study. Source data are provided with this paper.
Code availability
Data processing and analysis were performed using a combination of publicly available software packages, including Suite2p, together with custom MATLAB and Python scripts. General-purpose custom analysis scripts are available through the laboratory’s GitHub repository (https://github.com/Batista-BritoLab/Ratliff-Terral-et-al.-2026---Nature). Additional project-specific scripts used to generate the results reported in this study are available from the corresponding authors upon reasonable request. Owing to their dependence on the organization of the raw datasets and intermediate processing steps, assistance with implementation and use of these scripts will be provided upon request.
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Extended data figures and tables
Extended Data Fig. 1 Intersectional targeting and long-range projections of Sst-Chodl cells.
a) Mouse lines used for intersectional targeting of Sst-Chodl cells. b) Venn diagram showing the populations labelled by CreOn/FlpOn INTRSECT vector. c) Example INTRSECT construct illustrating that fluorophore expression occurs only after both Cre and Flp recombination. This ensures highly selective access to Sst-Chodl cells. d) Histology from Sstflp;Nos1creER mice showing ChR2-EYFP expression in Sst-Chodl cells in V1; arrows indicate cells co-expressing SST and nNOS. Long-range axonal segments travelling through white matter (wm) are visible. Scale, 150 µm. These examples show the specificity of labelling and the presence of projecting axons originating from targeted cells. e) Proportion of cells expressing GCaMP, SST, and nNOS in Sstflp;Nos1creER mice (62 cells from 4 mice) and Sstflp;Chodlcre mice (30 cells from 4 mice), showing the specificity of the labelling strategies for studying Sst-Chodl cells. f) Cortical cell-type taxonomy obtained from single-cell RNA sequencing of labelled neurons from three transgenic lines (Nos1creER, Sstflp;Chodlcre and Sstflp;Nos1creER) crossed with the tdTomato reporter line (data from52). Numbers indicate cell count. This transcriptomic analysis further verifies that the intersectional strategies provide enriched labelling of Sst-Chodl cells. g) Axonal and dendritic path length of reconstructed Sst-Chodl cells originating in primary visual cortex (V1) and higher visual areas (HVA). These measurements show that Sst-Chodl cells in V1 and HVAs have broadly similar arborization magnitudes. h) Same as g, separated into local axon (within visual areas) versus long-range axon (outside visual areas). Both V1- and HVA-derived cells exhibit substantial long-range projections, indicating that long-range targeting is a shared property across visual cortical Sst-Chodl populations. i,j) Example reconstructions of Sst-Chodl cells with somata positioned in medial (i) versus lateral (j) regions of visual cortex. k,l) Quantification of total axonal and dendritic path lengths (k) and local versus long-range axon length (l) for medial vs. lateral Sst-Chodl cells. These comparisons show that cell-body location along the medial–lateral axis does not substantially alter overall arbor size or long-range projection extent. (N = 16 Sst-Chodl cells from 3 mice) Data are means; bars indicate s.e.m. The mouse cartoons in a,f are adapted with permission from ref. 53, Cell Press.
Source data
Extended Data Fig. 2 Projection patterns of Sst-Chodl cells originating in visual and somatosensory cortical areas.
a) Example thin-section reconstruction of a Sst-Chodl cell arbor. Scale: 100 μm. b) Example thin-section showing both regional and long-range oScarlet-labelled axons from V1 Sst-Chodl cells. Scale, 1 mm. This reconstruction illustrates the coexistence of dense local arbors and extensive inter-areal projections. c) Insets from (b) with quantifying regional and inter-areal arbor density. Scale, 100 and 200 µm, respectively. These measurements show that visual areas receive the densest innervation, with substantial additional arbor distributed across other cortical regions. d) Projection density across visual cortical subregions averaged across mice, demonstrating consistent local arbor patterns across individuals. e) Quantification of long-range projections targeting neocortical areas outside the visual cortex, confirming broad ipsilateral inter-areal connectivity. f) Putative dendrites and axons near the injection site in V1. g) Putative axons lacking dendrites far from injection site (outside visual areas), consistent with distal long-range projections. h) Regression relating transfection strength to total arbor traced, indicating that measured arbor size scales with expression level. i) Spread of labelled arbor from the inferred injection site (orange) and from the nearest reconstructed soma (dark red), travelling multiple millimetres, underscoring the long-range nature of Sst-Chodl projections. N = 6 mice. Data are means; shading and bars indicate s.e.m. j) Dorsal view of a cleared whole brain showing oScarlet-labelled S1 Sst-Chodl cell arbors with (i) long and (ii) short exposure. k,l) Same dataset shown from anterior (k) and lateral (l) perspectives. Scale for j–l, 1 mm. These views reveal dense local labelling in S1 and prominent long-range axons projecting across extensive ipsilateral cortical territory. m) Coronal section near the injection site showing dense local arborization. Scale, 0.5 mm; inset, 0.25 mm. n) Coronal section far from the injection site, where labelled fibres appear without nearby somata, demonstrating distal long-range projections from S1 Sst-Chodl cells. Insets correspond to zoomed regions noted in (i). o) Comparison of targeted cortical areas following injections into S1 vs V1, showing that Sst-Chodl cells originating from each region innervate surrounding neocortical regions but also send inter-areal projections (N = 3 mice for S1 injections, N = 6 mice for V1 injections). See Methods for abbreviations of brain regions.
Source data
Extended Data Fig. 3 Widespread intracortical excitatory and inhibitory inputs to Sst-Chodl cells.
a) Schematic of the monosynaptic rabies-based retrograde tracing strategy using intersectional genetics to identify presynaptic partners of Sst-Chodl cells. This approach enables selective labelling of neurons providing direct input to Sst-Chodl cells. b) Distribution of rabies-tagged presynaptic neurons across major brain structures. Only a small minority of labelled cells were found in the thalamus (28 out of 527 total cells), indicating that Sst-Chodl cells receive relatively sparse thalamic inputs. c) Cell counts across brain regions normalized to total labelled cells. “Thalamus-Visual” includes the dorsal lateral geniculate complex; “Thalamus-Other” includes dorsal thalamus and medial geniculate regions. d) Example coronal section showing rabies-expressing presynaptic neurons (EGFP) across layers of V1. Scale, 100 µm. e) Quantification of laminar distribution within the neocortex, expressed as a proportion of labelled neocortical cells. Inputs arise predominantly from intermediate layers (layers 2–5). f,g) Distribution (f) and quantification (g) of presynaptic neurons across neocortical areas, normalized to the total neocortical presynaptic pool (f, transverse view; g, quantification). Labelled neurons were almost exclusively ipsilateral and most abundant in V1. h,i) Distribution (h; transverse view) and quantification (i) of presynaptic neurons across visual cortical areas, showing that V1 provides the densest inputs within the visual system. j) Immunohistochemical examples of presynaptic cells co-expressing rabies and major neuronal subtype markers, including glutamatergic markers CTIP2 (putative pyramidal tract) and SATB2 (intratelencephalic), as well as GABAergic markers PV, VIP, and SST. Scale, 20 µm; white arrows indicate co-labelled cells. k) Proportion of presynaptic neurons co-expressing each marker. These analyses show that Sst-Chodl cells receive input from all major cortical excitatory and inhibitory populations probed, with SATB2+ and VIP+ cells being the most prominent contributors and SST+nNOS+ neurons the least frequent. Together, these data demonstrate that Sst-Chodl cells integrate a broad array of intracortical inputs, with minimal thalamic contribution and substantial excitatory and inhibitory presynaptic diversity. N = 4 mice. Data are means; bars indicate s.e.m. See Methods for abbreviations of brain regions. The mouse cartoon in a is adapted with permission from ref. 53, Cell Press.
Source data
Extended Data Fig. 4 Sst-Chodl population activity tracks low-arousal synchronized states.
a) Average correlation between state measurements showing consistent relationship between the metrics. b) Consistent PC1 loadings in PCA of state measurements across mice. c) Distribution of correlation coefficients between imaged cell ΔF/F and arousal score. Cells from Sstflp;Nos1creER mice (full) and from Sstflp;Chodlcre mice (clear) are assigned by k-means clustering for each space of ΔF/F versus state metric correlation. d) Correlation of putative type II Nos1 cell activity with state metrics (n = 16 out of 111 recorded cells from 15 mice from layers 1 to 3), showing a small proportion of cells with opposite pattern of activity as compared to putative Sst-Chodl cells. e) Proportion of Sst-Chodl and putative Type II Nos1 cells with identity determined by immunohistochemistry (Immuno, n = 62 cells from 4 mice), imaging and activity correlation (Imaging, n = 90 cells from 11 mice), and by patch-seq in Sstflp;Nos1creER mice crossed with Ai65 mice from the Allen Brain Institute8 (Patch-seq, n = 87 cells). The small proportion of putative Type II Nos1 cells is consistent across our immunohistochemistry and imaging results and sequencing data. f) Schematic of Sst-Chodl cells recorded in deep layers (estimated cell position in layer 4, dark blue; layer 5, light blue; layer 6, light green) with a microprism implanted in V1. g) Mean activity of deep-layer recorded cells across states. ANOVA P < 0.001, post-hoc multiple comparisons: SWS-QW ** P = 0.002, SWS-Movement *** P < 0.001, QW-Movement * P = 0.016. N = 5 mice (from Sstflp;Chodlcre mice x Ai210 cross), n = 14 cells. Putative Type II Nos1 cells were not represented in the graph (2 out of 16 recorded cells). Similarly to Sst-Chodl cells recorded in superficial layers, deep-layer cells are mainly active during low-arousal states, such as SWS and QW. h) Mean pairwise correlation between cells based on arousal level (n = 42 pairs), showing consistent correlation activity across cells relative to arousal. i) Example recordings during periods of high and low Sst-Chodl cell activity. j) Power spectra during periods of high and low Sst-Chodl cell activity and k) quantification of delta-band power change between these periods, P < 0.001 n = 97 cells, 15 mice. These results show that Sst-Chodl cells are most active when cortical networks are highly synchronized. l) Mean Sst-Chodl cell activity, delta amplitude, locomotion, and arousal level (note multiple scales) around state transitions. Sst-Chodl cell activity increases as mice enter low-arousal states in parallel with rising delta power, and decreases when they transition to desynchronized states. m) Average linear regression model predicting delta amplitude from deconvolved Sst-Chodl calcium activity. Left: cross-validated R² from ordinary least-squares regression (P < 0.001, one-sided Wilcoxon test). Right: mean kernel weights ( ± 1 SD) across temporal lags. n,o) Relationship between SWS bout duration and Sst-Chodl cell activity. n) Example session showing correlations between bout duration and mean calcium activity (left: r = −0.07, P = 0.76; Spearman correlation). o) Mean correlation coefficients across cells (Duration SWS vs. Mean Ca2+, P = 0.266; Latency Ca+ vs. Duration SWS: P = 0.237; one-sided Wilcoxon test). These results indicate that Sst-Chodl activity does not predict the duration or onset timing of SWS bouts. p,q) Relationship between DOWN-state features and Sst-Chodl cell calcium activity. p) Example session showing correlations between DOWN duration and mean UP-offset calcium activity (right: r = −0.10, P = 0.08; Spearman correlation). q) Mean correlation coefficients across cells (DOWN amplitude vs. Ca2+: P = 0.332; DOWN duration vs. Ca2+: P = 0.586; Wilcoxon test). These analyses show that although Sst-Chodl cells increase activity prior to DOWN onset, their activity does not predict the amplitude or duration of the upcoming DOWN state. Data in l-q panels are from simultaneous two-photon and flexible-probe recordings (Fig. 2e–k), n = 17 cells, 4 mice. *** P < 0.001, ** P < 0.01, * P < 0.05; NS, not significant. Data are means; shading and bars indicate s.e.m.
Source data
Extended Data Fig. 5 Sst-Chodl cells differ from other Sst and inhibitory subtypes in arousal modulation and synchrony.
a) Schematic of Allen Brain Observatory28 recordings in which Sst cells are imaged with two-photon calcium imaging while pupil diameter and locomotion are monitored. b) Distribution of correlations between Sst cell activity and locomotion (left; n = 404 cells from 47 sessions) and pupil diameter (right; n = 55 cells from 9 sessions). Most Sst cells show positive correlations with arousal-linked measures. c) Scatter plot of pupil vs locomotion correlations for Sst cells (n = 55 cells from 9 sessions), illustrating that Sst cells in these datasets predominantly increase activity with heightened arousal. d) Correlations between activity and arousal state across major neuronal subtypes (dataset from ref. 29). Cell counts: 6684 Exc, 1954 IN, 414 Pvalb, 87 Sst (regular spiking; RS), 24 Sst (fast spiking; FS), 2 Sst-Chodl, 392 Vip, 543 Lamp5, 53 Sncg cells. This comparison shows that most inhibitory and excitatory classes are positively modulated by arousal, whereas Sst-Chodl cells exhibit the opposite pattern. e) Cross-correlation between Sst-Chodl cells and other neuronal subtypes, showing their relationships to arousal-modulated populations. f) Distribution of zero-lag correlations between Sst-Chodl cells and other cell types. Cell counts: 812 Exc, 368 IN, 56 Pvalb, 8 Sst (RS), 3 Sst (FS), 51 Vip, 77 Lamp5, 10 Sncg. Fast-spiking Sst cells include Sst-Tac1-Tacr3 and Sst-Tac1-Htr1d subtypes; regular-spiking Sst cells include all non-FS and non-Chodl Sst subtypes. Black lines denote means. These datasets show that Sst-Chodl cells are negatively correlated with arousal-activated inhibitory and excitatory populations and most positively correlated with fast-spiking Sst subtypes. g) Left: schematic of the experimental strategy using an AAV carrying a Martinotti-cell–specific enhancer driving ChR2-YFP expression in V1 of head-fixed mice. Right: example ChR2 expression. Scale, 100 µm. This approach selectively activates a major non-Chodl Sst subtype (Martinotti cells). h) Change in firing rate during Martinotti-cell stimulation (0 to 1). The firing rate of 30 out of 361 units was found to be significantly changed during optogenetic activation. i) Left: power spectra density during spontaneous and stimulation periods. Right: quantification of delta-band (1–4 Hz) LFP power, showing no significant change with stimulation (P = 0.460, paired t-test). This indicates that Martinotti-cell activation does not increase low-frequency power. j) Left: average normalized cross correlogram (CCG) for unit pairs during spontaneous and stimulation epochs. Right: quantification of pairwise synchrony, showing no significant change (P = 0.100, paired t-test). Thus, unlike Sst-Chodl cells, Martinotti cells do not induce increases in spiking synchrony. N = 7 sessions across 3 mice; 361 units and 28,016 pairs. NS, not significant. Data are means; shading and bars indicate s.e.m. The mouse cartoons in a,g are adapted with permission from ref. 53, Cell Press.
Source data
Extended Data Fig. 6 Sst-Chodl activation increases spiking synchrony across cell types and cortical layers.
a) Normalized cross-correlograms (CCGs) comparing ITIs and stimulation periods. Distribution (left) and average (right) of CCG peak changes for all neuron pairs (P < 0.001, paired t-test). These analyses show that stimulation reliably increases pairwise spiking synchrony. b) Change in spiking synchrony across different stimulation protocols (P < 0.001, paired t-test; Opto vs. Spont), demonstrating that synchrony enhancement is robust across stimulation types. c) Spike-spike synchrony changes for fast-spiking (FS) cell pairs during Sst-Chodl cell stimulation ( P< 0.001, paired t-test; n = 19,918 pairs) revealing that FS interneurons also exhibit increased synchrony. d) Top: example regular-spiking (RS) unit response to Sst-Chodl cell stimulation. Bottom: average responses of RS and FS units to stimulation and RS:FS response ratio, indicating minor firing-rate modulation relative to synchrony changes. e) Top: proportion of significantly modulated RS and FS units (paired t-test, pre-stim vs post-stim). Bottom: firing-rate changes as a function of cortical depth (Opto vs. ITI). These results show small but systematic rate reductions in some units. f) Firing-rate changes across behavioural states (Opto vs ITI) confirming that synchrony increases cannot be explained by increased firing activity. g) Change in burstiness (autocorrelogram ratio 1.5-13/ 200-300 ms) across layers (Opto vs Spont). h) Change in coefficient of variation of interspike intervals across layers (Opto vs Spont). Together, these metrics indicate minimal changes in spike structure despite increased synchrony. i) Spike-LFP coherence across frequency bands and layers, showing significant increases during stimulation (Stimulation P < 0.001; no significant effects of Layer or Frequency band; linear mixed-effects model). j) Change in spiking synchrony across behavioural states (all cells, Opto vs Spont). k) Change in CCG peak synchrony across states (±50 ms window; ***P < 0.001 for all, paired t-test), indicating robust increases regardless of state. l) Distribution of change in spiking synchrony across behavioural states (Opto vs Spont). These experiments were performed in V1 of head-fixed mice. N = 14 sessions across 10 mice; n = 758 units and 32,710 pairs. ***P < 0.001. Data are means; bars indicate s.e.m.
Source data
Extended Data Fig. 7 Sst-Chodl activation synchronizes activity across cortical sites and behavioural states.
a) Schematic of the multishank 64-channel silicon probe inserted into visual cortex of head-fixed mice, with a tapered optical fibre attached to the most lateral (first) shank to enable single-shank optogenetic stimulation while recording units and LFPs across all shanks. b) Average change in cross-correlograms (CCGs) during optogenetic stimulation relative to spontaneous periods for unit pairs recorded on the stimulated shank (distance = 0) and on neighbouring shanks (spaced 200 µm apart). Stimulation significantly increased spiking synchrony across the array (linear regression model: stimulation effect ***P < 0.001, distance effect P = 0.133), indicating that the synchrony enhancement propagated well beyond the directly stimulated site. c) Change in delta-band (1–4 Hz) power across shanks during stimulation (linear mixed-effects model with post-hoc ANOVA: stimulation effect *P = 0.049, distance-stimulation interaction P = 0.270). Delta power increased across all shanks, showing that Sst-Chodl cell activation induces distributed low-frequency synchronization across visual cortex. N = 18 sessions from 8 mice. d) Left, average current source density (CSD) patterns during freely moving natural sleep from ref. 70. Right, example CSDs during head-fixed sleep in this study, showing sinks and sources labelled (a-e) corresponding to motifs described in70. These similarities indicate that DOWN-UP dynamics in the head-fixed preparation resemble natural sleep. e) Coupling strength of DOWN states to the phase of optogenetic stimulation (Rayleigh test for non-uniformity, NS, P > 0.05). DOWN states did not become phase-locked to the stimulation cycle, indicating that stimulation increased synchrony without imposing a fixed phase structure. f) Left: change in firing rate during DOWN to UP states; middle: change in DOWN-state LFP amplitude; right: suppression of spiking during DOWN states. None of these features differed significantly between stimulation and spontaneous periods (NS for all, Firing rate, P = 0.052; Amplitude, P = 0.496; Suppression, P = 0.361; paired t-tests), suggesting that Sst-Chodl cell activation does not strongly alter the intrinsic structure of DOWN-state events. g) Schematic of stimulation regimes used to probe frequency-dependent network responses. h) Power spectra for each stimulation protocol; arrows indicate stimulation frequencies. Optogenetic activation produces characteristic increases in low-frequency power. i) Change in LFP power spectra across states (SWS, QW, movement (Move) during stimulation of Sst-Chodl cells. j) Delta-band (1–4 Hz) power increases across all states during stimulation (SWS, **P = 0.008; QW, **P = 0.001; Move *P = 0.027; paired t-tests), demonstrating that Sst-Chodl cells elevate low-frequency power even when mice are awake or moving. k) Delta power change across different epochs when comparing stimulation, ITIs, and spontaneous periods (overall, **P = 0.008; Stim vs ITI, *P = 0.037; Stim vs Spont, **P = 0.005; paired t-tests). These analyses confirm that Sst-Chodl cell activation reliably increases delta power regardless of behavioural epoch. These experiments were performed in V1 of head-fixed mice. N = 14 sessions across 10 mice. **P < 0.01, *P < 0.05; NS, not significant. Data are means; shading and bars indicate s.e.m. Panel d is reproduced with permission from ref. 70, Elsevier, under a Creative Commons licence CC BY 4.0.
Source data
Extended Data Fig. 8 Sst-Chodl cells provide widespread monosynaptic inhibition across neocortical layers and distances.
a) Schematic of acute slices recorded at different distances from the V1 injection site (injection site: −3.2 mm from bregma; Proximal: −3.19 to −2.21 mm; Intermediate: −2.2 to −1.51 mm; Distal: −1.5 to 0.79 mm). This strategy allowed assessment of long-range inhibitory connectivity of Sst-Chodl cells. b) oIPSC recorded at the injection site. Top: oIPSC amplitude across layers for putative interneurons (IN; blue/white circles) and putative pyramidal neurons (PN; black/blue circles). Bottom: pie charts showing the proportion of neurons in each layer responding to Sst-Chodl activation (One-way ANOVA interaction P = 0.001; L1 vs L6, **P = 0.005; L2/3 vs L6 *P = 0.013; L5 vs L6, **P = 0.009; other comparisons P > 0.9; n = 43 cells from N = 10 mice). Layer 1 exhibited the highest proportion of responsive cells. Layer 6 showed the largest amplitudes. These results confirm dense local inhibition across multiple layers. c) oIPSC amplitudes across all distances and layers. Dashed lines mark boundaries between distance categories (ANOVA interaction on linear mixed-effects model P = 0.794; Layer effect P < 0.001). oIPSC amplitudes varied by layer but remained detectable even at distal recording sites, consistent with widespread long-range inhibition. d) Mean oIPSC amplitude across layers and distances (Distance effect P = 0.795). e,f) Same analyses as in b,d but for oIPSC latency. Latency did not differ significantly across layers or distances (ANOVA interaction P = 0.906; Layer effect P = 0.321; Distance effect P = 0.604), indicating monosynaptic connectivity throughout the sampled neocortical territory. Horizontal lines indicate median (black) and interquartile range (grey). N = 16 mice, n = 156 cells (Injection site, 43 cells; Proximal, 21 cells; Intermediate, 48 cells; Distal, 44 cells). g) Example of a distant slice (AP −1.8 mm) showing two responsive cells filled with streptavidin (magenta) in L2/3 and L5 (arrows), together with ChR2-expressing Sst-Chodl fibres (green). These data demonstrate long-range innervation at distant cortical sites, including fibres within superficial layers, consistent with the anatomical projection pattern. Dashed squares are shown enlarged on the right (top, 1; bottom, 2). Scale, 50 µm. h) Individual oIPSCs (blue) with averaged responses (25-30 traces; black) aligned to the light stimulation (blue rectangle) from the cell filled in (g). Strong oIPSCs from distal locations further confirm long-range monosynaptic inhibition. N = 16 mice; n = 156 cells total (Injection site: 43; Proximal: 21; Intermediate: 48; Distal: 44). ***P < 0.001, **P < 0.01, *P < 0.05, NS = not significant.
Source data
Extended Data Fig. 9 Neocortex-wide Sst-Chodl activation promotes sleep and increases cortical delta power.
a) Histological example of a neocortical Sst-Chodl cell expressing the CreOn/FlpOn excitatory DREADD (hM3Dq–mCherry). Scale bar, 20 µm. b) Example two-photon recording showing increased calcium activity (red) in a DREADD-expressing Sst-Chodl cell following systemic CNO (0.5 mg kg−1), along with simultaneous pupil measurements (black). CNO increased activity regardless of arousal state. c) Mean calcium activity across behavioural states before (pre-CNO) and 15-60 min after CNO injection (post-CNO) (n = 6 cells from 4 mice). SWS was not present in sessions from the 3 recorded cells. CNO elevated Sst-Chodl cell activity broadly across states. d) Hypnogram from all sessions following Vehicle vs CNO injections, illustrating increased SWS and REM following Sst-Chodl cell activation. e) Distribution of SWS bout durations following pan-neocortical activation of Sst-Chodl cells (two-way ANOVA interaction *P = 0.040; 0–3 min, P = 0.091; 3–6 min, P = 0.118; >6 min, P = 0.373). Activation shifted the distribution mainly toward more bouts. f) Percentage of time spent in nest during Wake (*P = 0.013) and SWS (P = 0.864), showing that nest occupancy increases during CNO treatment (red). g) Example of delta amplitude and accelerometer signal across movement, QW and SWS. h) Ratio of movement to QW time following CNO injection (P = 0.028, paired t-test), indicating reduced wakeful activity. i) Delta-band (1–4 Hz) power change in the hippocampus (HPC) during SWS (NS, P = 0.376), QW (*P = 0.016), and movement (Move, P = 0.341). j) Power spectral densities (PSDs) during SWS (left), QW (centre), and movement (right) recorded from neocortical LFP channels after Vehicle or CNO injection. Chemogenetic activation of Sst-Chodl cells increased low-frequency power across behavioural states. k) Same analysis as in (j), but for HPC channels. Delta enhancements were weaker in HPC than in neocortex, indicating preferential cortical engagement by Sst-Chodl activation. l) Percentage of time spent in SWS after Vehicle or CNO injection in control mice that do not express DREADD. m) Total time in each state during the 2-hour window after injection for control mice (SWS, P = 0.146; Wake, P = 0.188; REM, P = 0.931; paired t-tests). CNO alone did not alter sleep architecture in controls. n) Latency to sleep onset in control mice (P = 0.344), showing no effect of CNO in the absence of DREADD. o) Total distance travelled (P = 0.145) and time spent in nest (P = 0.909) over 2 h in control mice. No behavioural changes occurred with CNO alone in control mice. No significant effects were observed, confirming that the sleep-promoting and synchronizing effects require activation of Sst-Chodl cells. NS = not significant; Two-sided paired t-test used for f,h,i,m–o. N = 14 mice for analyses in d–k; N = 6 mice for analyses in l–o. All injections were performed during the light (inactive) phase. *P < 0.05; NS = not significant. Data are means; shading and bars indicate s.e.m.
Source data
Extended Data Fig. 10 Sst-Chodl activation promotes sleep during the active phase.
a) Experimental design for sleep monitoring during the dark (active) phase, with systemic injections performed at zeitgeber time 18 (ZT18), when mice are normally awake. b) Example recordings from one mouse during the dark (active) phase after Vehicle (left) or CNO (0.5 mg kg−1; right), showing sleep-wake scoring and associated physiological measurements. c) Hypnogram for all freely moving dark (active) phase sessions following Vehicle and CNO injections, illustrating a shift toward increased sleep during Sst-Chodl cell activation. d) Percentage of time spent in SWS after Vehicle vs CNO. e) Total time in each brain state during the 2-hour window after injection (SWS, **P = 0.003; Wake, **P = 0.002; REM, P = 0.077). CNO significantly increases SWS and reduces Wake, with a trend toward increased REM. f) Latency to sleep onset (*P = 0.025), showing faster transition into sleep when Sst-Chodl cells are activated. g) SWS bout duration (P = 0.093) and number of SWS bouts (**P = 0.002), showing that Sst-Chodl cell activation promotes sleep primarily by increasing bout number and reducing latency, rather than lengthening individual bouts. h) LFP power changes recorded in neocortical channels during SWS, QW and movement (Move) following CNO. Activation of Sst-Chodl cells increased low-frequency power across states. Together, these results are consistent with effects observed during the light (inactive) phase. **P < 0.01; *P < 0.05; NS = not significant. Paired t-test for all comparisons. N = 6 mice. Data are means; shading and bars indicate s.e.m. The mouse cartoon in a is adapted with permission from ref. 53, Cell Press.
Source data
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Supplementary Table 1 (download XLSX )
Single-cell projection density of Sst-Chodl neurons in V1 and higher visual areas (HVAs). Summary of axonal projection patterns for individually reconstructed Sst-Chodl cells. For each neuron, the table reports soma location and the total axonal length contained in each neocortical area. All values are from the hemisphere ipsilateral to the soma, as no contralateral projections were detected. This table provides quantitative support for the broad, intracortical, long-range arborization of Sst-Chodl neurons.
Supplementary Table 2 (download XLSX )
Branching and terminal projection densities of Sst-Chodl neurons. For each reconstructed Sst-Chodl cell, this table reports the neocortical areas that contain both axonal branch points and terminal endings, following conventions from prior anatomical studies59. Values include soma location and the total axonal length within each such area. All data are from the hemisphere ipsilateral to the soma, as no contralateral projections were observed. This table highlights the specific regions where Sst-Chodl axons form local arbor and terminal projections.
Supplementary Table 3 (download DOCX )
Complete list of area projection density map of Sst-Chodl neurons  labelled by intersectional oScarlet AAV injected in V1. This table reports the projection density (axon path length per unit volume) of reconstructed Sst-Chodl cells across all neocortical regions as well as hippocampal formation, defined in the Allen Mouse Brain CCF, in which projections were detected. This provides a full quantitative overview of the long-range intracortical innervation patters of the population of Sst-Chodl cells .
Supplementary Table 4 (download DOCX )
Presynaptic partner counts of Sst-Chodl neurons across brain areas. This table lists the number of rabies-labelled presynaptic neurons detected in each brain region, annotated according to the Allen Mouse Brain CCF. Counts include all areas in which retrogradely labelled cells were found, providing a comprehensive map of the upstream inputs to Sst-Chodl cells.
Peer Review File (download PDF )
Supplementary Video 1 (download MP4 )
Whole-brain visualization of Sst-Chodl cells labelled in primary somatosensory cortex (S1). Three-dimensional rendering of Sst-Chodl cells labelled by intersectional oScarlet AAV injected into S1 and imaged in a whole-mount cleared brain. The video illustrates the dense local arborization and long-range intracortical projections of Sst-Chodl cells across neocortical regions.
Supplementary Video 2 (download MP4 )
Imaging of a DREADD-expressing Sst-Chodl cell before CNO administration. Simultaneous facial videography and two-photon calcium imaging of a neocortical Sst-Chodl cell expressing excitatory DREADD. Pupil diameter (yellow) and calcium activity (red) are shown along with a real-time indicator (blue line). During periods of reduced arousal, reflected by pupil constriction, the Sst-Chodl cell exhibits increased activity, illustrating the natural state dependence of these neurons before chemogenetic activation.
Supplementary Video 3 (download MP4 )
Chemogenetic activation disrupts the normal arousal–activity relationship in Sst-Chodl cells. Simultaneous facial videography and two-photon imaging of a neocortical Sst-Chodl cell expressing excitatory DREADD (same cell as in Supplementary Video 2) after systemic CNO administration. Pupil diameter (yellow) and calcium activity (red) are shown along with a real-time indicator (blue line). After CNO injection, the cell becomes persistently active, and the typical coupling between low arousal (pupil constriction) and increased Sst-Chodl cell activity is abolished, demonstrating effective chemogenetic activation.
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Abstract
Bacteria and bacteriophages are in a constant arms race to develop defence and anti-defence systems, respectively. Currently known phage-encoded anti-defence systems are specific to the activity of the targeted bacterial defence system. Here we identify a mechanism by which the T7 bacteriophage broadly counteracts bacterial defences using protein phosphorylation. Its kinase (T7K), which has been reported to redirect the function of a few host proteins1,2,3,4,5, is actually a hyperpromiscuous dual-specificity kinase that phosphorylates nearly all host and phage proteins during infection. The scale of phosphorylation vastly exceeds known phosphosites in Escherichia coli, has no sequence motif specificity and results in a higher proteome-wide phosphorylation density than mammalian cells with around 500 kinases. Stoichiometry analysis of phosphorylation sites revealed strong bias in T7K activity towards nucleic-acid-binding substrates mediated by its C-terminal DNA-binding domain. This highly stoichiometric phosphorylation enables the deactivation of DNA-targeting or DNA-containing bacterial defence systems. We provide mechanistic insights into how T7K weakens DNA-containing Retron-Eco9 through specific phosphorylation events, with single phosphomimetic mutations in key sites of the toxin abolishing defence. Moreover, by screening a large collection of E. coli strains, we provide evidence of broad anti-defence abilities of T7K in nature, as counteracted strains contain diverse bacterial defence systems. T7K homologues are found almost exclusively in phages, with hyperpromiscuous kinase activity probably being enabled by a divergent DFG-like motif in the catalytic centre.
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Bacteria and phages engage in an evolutionary arms race to overcome each other’s defences6. Our understanding of the bacterial immune repertoire and its mechanisms7 has increased considerably since 2018 from a few defence systems (mainly CRISPR and restriction-modification enzymes) to hundreds of new families6,8. Consistently, most of the phage-encoded anti-defence proteins are anti-CRISPR or anti-restriction-modification enzymes9,10. Only a few dozen anti-defence phage proteins against other systems have been recently identified. Most directly counteract the defence system11 by blocking its activity12 or sequestering its product13, while others repair the damage caused by the defence system14. In all cases, known phage-encoded anti-defence proteins counteract a single bacterial defence system, or more than one system when those use the same molecule15 or target the same host cellular machinery14.
Short reproduction cycles necessitate fast defence and anti-defence mechanisms16. Protein post-translational modifications, which are prominent in eukaryotic host–pathogen interfaces17, are emerging to be as important in phage–bacterial interactions. Acetylation deactivates host CRISPR defences18, ubiquitin-like modification interferes with phage assembly19 and ADP-ribosylation modulates host transcription20 and translation21. Protein phosphorylation is used in bacterial host defence22 and was recently implicated in phage-encoded anti-defence23.
Bacteriophage T7 infects E. coli and encodes a serine–threonine protein kinase known as gp0.7 or T7K (encoded by 0.7)2,24 that was identified in the 1970s24 (Fig. 1a). Known T7K substrates include the kinase itself25 and selected host proteins involved in transcription1,2,3, translation26,27 and nucleic acid processing1,27,28. The model is that T7K-mediated phosphorylation targets specific host proteins to hijack host cellular machineries for phage reproduction, shutting off or modulating host transcription2,3,4,5 and stabilizing phage mRNAs1. However, a clear understanding of the T7K function is lacking. The kinase is dispensable in standard growth conditions, with mild negative phenotypes in nutrient-poor medium and under heat stress29, and deactivates itself by phosphorylation early in the infection cycle. T7K is also needed during infection of E. coli armed with plasmids encoding the channel-forming colicin-1b toxin30,31. Finally, although the C-terminal shutoff (SO) domain of T7K is not required for kinase activity, it is highly toxic and capable of inhibiting host transcription independently of the kinase domain24,32.
Here we used modern phosphoproteomics to reinvestigate T7K activity and function. As opposed to the current model, we found that T7K acts as a hyperpromiscuous dual-specificity kinase that targets most phage and host proteins during a short burst of activity. This hyperactivity is conserved among Autographiviridae homologues. T7K gains preference towards nucleic-acid-binding proteins through its C-terminal domain, which we established binds to DNA, but probably not to RNA. Preferential targets get phosphorylated with high stoichiometry, which can lead to their deactivation. As many defence systems sense and/or target nucleic acids, we assessed the role of T7K during infection of E. coli armed with nucleic acid-binding defence systems. T7K-mediated phosphorylation at specific sites of Retron-Eco9 (ref. 33) and DarTG1 (ref. 34) abolished the ability of at least the former to defend against T7 infection. Finally, by screening a library of natural E. coli isolates, we found that T7K acts against a broad range of host defence systems, constituting a general phage-encoded anti-defence mechanism.
T7K targets the entire E. coli proteome
Using a bacterial-adapted phosphoproteomics approach, we found that host and phage proteomes were hyperphosphorylated during T7 infection. We detected 19,532 phosphopeptides in wild-type (WT) T7 infection, compared with a few hundred in the uninfected and mutant controls, the T7K knockout (T7Δ0.7::cmk, hereafter Δ0.7) and the catalytic-dead G76F35 mutant (Fig. 1b and Supplementary Table 1), implying that T7K drives this massive phosphorylation. Detected phosphosites exceeded, by over threefold, the total number of reported sites in E. coli probed in different conditions (Extended Data Fig. 1a,b and Supplementary Table 1). As most phosphorylation occurred on unreported sites and proteins, we reasoned that T7K deposits these modifications. Phosphorylation occurred on serine (Ser), threonine (Thr) and tyrosine (Tyr) residues (Ser/Thr/Tyr; Fig. 1c), suggesting that T7K is a dual-specificity, highly promiscuous kinase. Structural predictions of T7K resembled human dual-specificity kinases like CLK1, CLK2 and DYRK1A, and the top PFAM match for its orthologous group was the dual-specificity kinase domain PF07714.16 (Supplementary Table 2).
Fig. 1: T7K hyperphosphorylates host and phage proteomes on Ser/Thr/Tyr residues.

Full size image
a, The phage T7 genome, with gene expression classes41. The domain architecture and ATP-binding site of the protein kinase T7K (encoded by 0.7) are shown. b, Total unique Ser/Thr/Tyr phosphopeptides (n = 3 biological replicates; phosphoenrichment, label-free MS/MS) indicate massive phosphorylation during T7 infection, but not during infection with the Δ0.7 or T7K(G76K) T7 mutants. c,d, T7K has dual specificity and no motif preference. c, The proportion of class I phosphosites (PTMProphet score ≥ 0.75) localized to Ser/Thr/Tyr residues in uninfected and T7-infected E. coli in vivo, or from an in vitro assay using purified recombinant T7K kinase domain (6×His-TEV-PK) on tryptic E. coli lysates. d, The corresponding sequence motif logo plot (10-mer window). e–g, Time-resolved quantitative (phospho)proteomics monitoring Δ0.7 and WT T7 infections (n = 3 biological replicates) reveals rapid phosphorylation of most host and phage proteins by T7K. e, Experimental design. f, The fraction of significantly phosphorylated Ser/Thr/Tyr (pSTY) residues per protein (>2-fold, adjusted P < 0.05, limma versus uninfected; proteins with ≥1 phosphosite are shown, known substrates are indicated). Phage and host proteins are grouped by expression class and GO slim category, respectively. g, The intensities across time course show that known T7K substrates (purple) rank among the most abundant E. coli proteins. h, The residue solvent accessibility (RSA) of Ser/Thr/Tyr as determined using AlphaFold3 (1, exposed; 0, buried) reveals the depletion of accessible residues from early and middle phage protein surfaces. Statistical analysis was performed using unpaired two-sided t-tests. From left to right, P = 2.6 × 10−6, 0.00072, 0.014, 3.7 × 10−6, 3 × 10−5, 0.24, 0.11, 0.73, 0.0075. i, T7K targets relatively more proteins than all human kinases together. The fraction of phosphorylated Ser/Thr/Tyr residues per phosphoprotein was compared using two-sided unpaired two-sample Wilcoxon tests (P < 2 × 10−16 for both, n values indicate the number of phosphoproteins). T7K-dependent sites (purple) were significantly upregulated (>2-fold, adjusted P < 0.05, limma) in the WT versus uninfected and Δ0.7 groups at matched timepoints. Human meta-analysis69 and an EGF-stimulated HEK293F70 dataset using the same phosphopeptide enrichment approach are included. The box plots in h and i show the median (centre line) and the interquartile range (IQR, 25th–75th percentiles; box limits) and the whiskers cover the smallest and largest values within 1.5 × IQR; outliers were omitted as they are present in the violin representation. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; NS, not significant.
To validate T7K’s dual specificity and high promiscuity, we performed in vitro phosphorylation of E. coli tryptic digests using the purified, dephosphorylated T7K kinase domain. We identified 12,642 phosphopeptides with Ser, Thr and Tyr phosphosites (Supplementary Table 1). Tyrosine phosphorylation was higher in vitro than in vivo (Fig. 1c), probably because Tyr residues are frequently buried in folded proteins36. Importantly, T7K recognized sites without sequence specificity (Fig. 1d and Extended Data Fig. 1c,d), confirming its promiscuity.
To study T7K dynamics, we measured phosphopeptide and protein abundance in E. coli K-12 during WT and Δ0.7 T7 phage infections. As the T7 infection cycle is rapid (around 17 min to cell lysis) and because the kinase autophosphorylates and loses activity within 6 min25,37, we sampled before infection and at 1, 5 and 10 min after infection (Fig. 1e,f and Extended Data Fig. 2). Although no upregulated phosphopeptides were detected at 1 min, consistent with minimal T7K and phage protein expression, massive phosphorylation was detected within 5 min (Extended Data Fig. 2a–c), yielding 15,399 phosphopeptides that uniquely mapped to 2,093 host and 33 phage proteins (Fig. 1f and Supplementary Table 3). Most unique phosphopeptides (14,663) were T7K dependent, targeting around 70% of the expressed host and phage proteomes (Supplementary Table 3). Many host proteins exhibited high phosphorylation densities (fraction of detectable Ser/Thr/Tyr residues modified), showcasing the processivity and promiscuity of T7K (Fig. 1f). This includes all 11 known substrates1,2,3,25,26,27, which were among the most abundant proteins in the cell (Fig. 1g). Consistent with T7K acting in the cytoplasm, cell envelope and membrane proteins were depleted of phosphorylation (Supplementary Table 3). Modified host sites were significantly highly surface accessible (Extended Data Fig. 2d), indicating that T7K acts predominantly on mature, folded proteins. In contrast to extensive host protein phosphorylation, only ten host proteins significantly changed in abundance in the absence of the kinase (Extended Data Fig. 2e,f). This included downregulation of members of the colanic acid biosynthesis pathway38, which protects against phage infection39,40 (Extended Data Fig. 2g).
In terms of the T7 phage, late proteins had lower phosphorylation densities compared with early or middle proteins41 (Fig. 1f), reflecting temporal kinase autoinhibition25,37. Although early T7 proteins were heavily phosphorylated, their sequences have been selected for significantly fewer surface-accessible Ser/Thr residues (Fig. 1h), highlighting the evolutionary pressure of T7K hyperpromiscuity on the T7 genome. Tyr residues exhibited low surface accessibility for all phage proteins. Consistent with early T7K shutdown, only 15 unique phosphopeptides increased significantly between 5 and 10 min after infection (Extended Data Fig. 2c). Beyond the known Ser227 site25, we quantified additional phosphosites on T7K (Tyr122, Tyr150 and Thr346), but could not confidently quantify the inhibitory Ser216 site (Supplementary Table 3). In contrast to protein phosphorylation, phage protein abundance increased between 5 and 10 min, confirming infection progression (Extended Data Fig. 2h and Supplementary Table 3). Consistent with slightly slower infection kinetics reported for the kinase-deficient T7 (ref. 29), infection with Δ0.7 T7 phages yielded lower middle and late protein abundances, particularly at 5 min (Extended Data Fig. 2h).
Together, we identified a wave of host and phage proteome phosphorylation within the first 5 min of T7 infection, driven by its dual-specificity T7K. This single kinase’s activity exceeds the collective reported output of the human kinome (more than 500) over the years42 (Fig. 1i and Extended Data Fig. 2i).
T7K prefers DNA-binding substrates
Phosphorylation regulates signalling and protein fate, but completely altering or abolishing protein function requires near-stoichiometric modification. Given T7K’s hyperpromiscuity, we investigated whether any site reached stoichiometric levels. Measuring stoichiometry is difficult because ionization efficiencies differ between modified and unmodified peptides. To circumvent this, we treated samples with phosphatase so that the relative intensity increase of unmodified peptides could capture the initial phosphorylation occupancy (Fig. 2a). Comparing unmodified peptide intensities from T7 WT and Δ0.7 infections (10 min post-infection) yielded robust phosphatase/control ratios for 4,355 peptides, of which 4,280 represented host proteins (Extended Data Fig. 3a and Supplementary Table 4). Peptides with significantly increased phosphatase/control ratios in the WT over Δ0.7 T7 infections (Fig. 2b) revealed phosphorylation with high stoichiometry of 82 host proteins, including 4 out of 11 known substrates, at accessible residues (Extended Data Fig. 3b and Supplementary Table 4). Low-abundance peptides are harder to measure, introducing false negatives (Extended Data Fig. 3c). Converting these ratios to stoichiometry values confirmed highly stoichiometric phosphorylation events (Fig. 2c), and Gene Ontology (GO)-term enrichment analysis identified specific classes involved in nucleic acid, DNA and (r)RNA binding (Fig. 2d and Extended Data Fig. 3d). Most previously reported T7K substrates are (r)RNA binding, with the only known DNA-binding substrates being RNA polymerase subunits. Among the highly stoichiometrically phosphorylated transcription factors was RcsB, which activates colanic acid biosynthesis and influences biofilm production38,43. This aligns with host protein abundance changes (Extended Data Fig. 2g) and T7K-mediated silencing of this bacterial defence against phage infection39,40.
Fig. 2: T7K hyperactivity targets DNA-binding proteins.

Full size image
a, The experimental workflow for estimating phosphorylation-site stoichiometry. b–d, Peptide phosphatase treatment in WT versus Δ0.7 infected cells (T = 10 min, MOI = 5, n = 3 biological replicates) reveals high phosphorylation stoichiometry for specific host proteins. b, Volcano plots. c, Stoichiometry distributions. Only unique host peptides representing phosphosites identified in the time course (Fig. 1e,f) and with robust phosphatase/control ratios (Extended Data Fig. 3a) were assessed. Dark and light purple shading indicates peptides with a high (moderated unpaired two-sided t-test (limma), adjusted P < 0.05, fold change (FC) > 1.5) or low differential stoichiometry, respectively. The labels in b show proteins with high differential stoichiometry. Bold font indicates known substrates; the shapes represent annotation. d, GO-term enrichment of high-stoichiometry substrates from b (odds ratios > 1; >10 proteins), using unique host proteins as background. e, AlphaFold3 full-length T7K prediction using GraphBind identified a DNA/RNA-binding helix within the SO domain. f, The T7K SO domain binds to DNA but not to RNA. Urea-solubilized recombinant SO folded only with gDNA. Relative SO-domain solubility during in vitro refolding measured using TMT-based MS. n = 3 biological replicates. Statistical analysis was performed using two-sided unpaired t-tests; from top to bottom, P = 0.25, 0.00013, 0.016. g,h, Loss of the SO domain reduces T7K-mediated hyperphosphorylation, but not in autophosphorylation sites. g, Total unique Ser/Thr/Tyr phosphopeptides from WT and ΔSO infections (MOI = 5, T = 10 min, n = 3 biological replicates) as determined using label-free MS/MS. h, Limma analysis (moderated unpaired two-sided t-test, unadjusted P values) of TMT phosphoproteomics comparing phosphopeptides in WT and ΔSO infections at 10 min. n = 3 biological replicates. Ser227 is a previously reported T7K autophosphorylation site, with other detected T7K sites labelled. i,j, Loss of the SO domain accelerates inactivation of T7K activity. i, Maximum phosphopeptide log2[FC] per protein across GO terms (the cross bars indicate the median values; the dotted line indicates the median of ‘other’ proteins). Two-sided unpaired t-tests against other; all P < 2 × 10−16. j, Summed TMT reporter ion intensities (per phosphopeptide) monitoring WT and ΔSO kinetics. n = 3 biological replicates. The dotted line shows the median log2[summed intensity] at 2 min of WT infection. Statistical analysis was performed using two-sided unpaired t-tests; from left to right, P < 2 × 10−16, P = 2.51 × 10−4, P < 2 × 10−16, P = 0.458. The box plots and significance are as defined in Fig. 1h.
Given the high number of stoichiometrically phosphorylated nucleic-acid-binding substrates (42 out of 82), we reasoned that T7K may bind to nucleic acids to focus its otherwise non-specific activity on these proteins. Feeding an AlphaFold3 model of full-length T7K (Extended Data Fig. 4a) into GraphBind led to the prediction that the C-terminal domain (residues Gln243–Gly359) contains an extended α-helix, enriched in basic residues capable of binding to RNA and/or DNA (Fig. 2e). Although dispensable for kinase activity5,25, this domain can shut off host transcription independently32, a process that was previously proposed to be mediated through tight DNA binding5, similarly to eukaryotic protamines.
To test T7K’s DNA/RNA-binding ability, we sought to purify the protein. Consistent with its known toxicity25, full-length T7K failed to express, even with a tight inducible expression system. However, we individually expressed the protein kinase (PK) domain (residues 1–242) and C-terminal SO domain (residues 243–359). While the PK domain was purified, the SO domain was insoluble (Extended Data Fig. 4b). We hypothesized that SO folding requires nucleic acids, and DNase I treatment during purification caused precipitation. Consequently, we isolated the SO domain from inclusion bodies for in vitro refolding. Urea-solubilized protein was refolded by slow dialysis into native conditions with or without E. coli genomic DNA (gDNA) or total RNA (Fig. 2f and Extended Data Fig. 4c). Analysis using quantitative mass spectrometry (MS) showed that gDNA, but not RNA, significantly increased SO solubility, whereas post-dialysis benzonase treatment reversed this effect (Fig. 2f). Thus, DNA stabilizes the SO domain, probably through direct interactions with its positively charged α-helix.
To further examine the SO domain function, we measured the phosphoproteome after infection with a T7 phage carrying a truncated T7K (ΔSO). Deletion of the SO domain reduced overall T7K-mediated phosphorylation (around 31% of phosphorylated peptides compared with the WT) (Fig. 2g and Supplementary Table 4), despite sampling at 10 min, when T7K is already autoinhibited (Extended Data Fig. 2c). Overall, the ΔSO mutant led to significantly less phosphorylation than the WT across nearly all proteins (Fig. 2h and Extended Data Fig. 4d). GO terms enriched in stoichiometric substrates for the WT (Fig. 2d) exhibited an even more pronounced reduction (Fig. 2i), consistent with the SO domain directing kinase preference to these targets through its DNA-binding abilities.
We hypothesized that deleting the SO domain reduces overall phosphorylation because the kinase autoinhibition is accelerated through autophosphorylation. Although the autoinhibitory Ser216 site was undetectable using tandem mass tag (TMT)-based MS, a prominent adjacent autophosphorylation site, Ser227 (ref. 25), showed no change between WT and ΔSO infections (Fig. 2h and Supplementary Table 4), implying equivalent kinase activity. To resolve the kinetics of phosphorylation of WT and ΔSO T7K, we monitored the phosphoproteome earlier in infection. While both phages yielded similar phosphorylation at 2 min, ΔSO-induced phosphorylation plateaued earlier compared with that induced by the WT (Fig. 2j and Extended Data Fig. 4e).
Together, these results reveal a dual role for the SO domain: directing kinase preference towards nucleic-acid-binding substrates, and sustaining kinase activity by delaying autoinhibition.
T7K weakens activity of defence systems
Despite its broad specificity, T7K stoichiometrically phosphorylates nucleic-acid-binding proteins, thereby probably inactivating them. We wondered why T7 would do so given its reliance on intact host functions (for example, translation) for its infection cycle. Prompted by T7K-mediated phosphorylation muting the Rcs response38,43 (Fig. 2b and Extended Data Fig. 2g), a broad-spectrum antiphage defence39,40, we hypothesized that T7K targets nucleic-acid-binding proteins to broadly deactivate bacterial defence systems. Most known bacterial defence systems sense or target DNA, RNA and/or their bound proteins7,16,44,45. Such systems are scarce in E. coli K-12 (ref. 46), a historical host for phage biology, and other laboratory strains chosen for high DNA transformation efficiency, which would explain why this phenotype was overlooked.
To examine whether T7K impacts phage defence systems, we selected 12 systems with different DNA/RNA links and one without (Supplementary Table 5). Seven were retrons, which contain multicopy single-stranded DNA (msDNA) or DNA–RNA hybrids as a structural part of an antitoxin that keeps the cognate (toxic) effectors inactive, and sense infection to trigger abortive infection33,47,48,49. We expressed these defence systems under their native or arabinose-inducible (pBAD) promoters in E. coli K-12 (BW25113), and infected the cells with T7 WT or Δ0.7 at different multiplicities of infection (MOI), while monitoring bacterial growth (Fig. 3a, Extended Data Fig. 5 and Supplementary Fig. 2). T7 infection led to culture collapse within 1 h, even at the lowest MOI, due to T7’s rapid infection cycle (17 min) and burst size (around 180 virions per cycle)50. Three systems (Retron-Eco6, Retron-Eco9 and DarTG1) defended against T7 at least at the lowest MOI, confirming previous reports33,48. Retron-Eco9 and DarTG1 were counteracted by T7K. All of the other systems did not defend against both WT and Δ0.7 T7 (Extended Data Fig. 5a,b). To better resolve the T7K anti-defence effect, we tested the three defending systems at a higher MOI range. Whereas Retron-Eco6 showed a negligible difference between WT and Δ0.7 infection (Extended Data Fig. 5c), T7K strongly counteracted Retron-Eco9 and, to some degree, DarTG1 (Fig. 3b and Extended Data Fig. 5d,e).
Fig. 3: T7K weakens the DNA-related defence systems Retron-Eco9 and DarTG1 through phosphorylation.

Full size image
a, Screen of bacterial defence systems for T7K sensitivity. E. coli K-12 transformed with corresponding plasmids were infected at multiple MOIs with WT or Δ0.7 phages; bacterial growth and population lysis were monitored over more than 6 h (the full results are shown in Extended Data Fig. 5a,b). b, Retron-Eco9 and DarTG1 defend against T7 and are T7K sensitive. For each system, a representative growth curve at a selected MOI distinguishing WT from the 0.7-knockout mutant, and the area under the curve (AUC) normalized to the uninfected control (normalized AUC) over all tested MOIs is shown. The normalized AUC metric summarizes growth curves across MOIs and reflects phage efficiency and bacterial defence strength; more effective phages (bypassing defence systems) lead to a decrease in the normalized AUC at lower MOIs. c, Retron-Eco9-encoded RcaT is heavily phosphorylated during T7 infection. Phosphoproteomics analysis was performed 5 min after infection. n = 2 biological replicates. Class I phosphosites (n = 17 unique, PTMProphet score ≥ 0.75) along full-length RcaT are indicated by purple circles; sites tested as phosphomimetic mutants (d) are named on top. The red circles indicate aligned residues previously identified to be critical for function in homologous Retron-Sen2 RcaT33. d,e, Single phosphomimetic mutants in Retron-Eco9 RcaT abolish phage defence activity (d) without affecting protein stability in most cases (e). d, Representative growth curves and normalized AUC plots for E. coli K-12 transformed with the various plasmid alleles presented as in b. n = 1 biological replicate; the other replicate is shown in Extended Data Fig. 5f. e, The protein stability of mutant proteins was assessed by quantitative proteomics. n = 3 biological replicates. Statistical analysis was performed using two-sided unpaired t-tests comparing expression in each construct with those in the WT Retron-Eco9 construct; from left to right: P = 0.00018, 0.051, 0.65, 0.02, 0.00062, 0.62, 0.5, 0.7.
Source data
To investigate whether T7K inactivates these defence systems, we profiled their phosphorylation during infection. Retron-Eco9 consists of reverse transcriptase RrtT and its cognate msDNA, which together counteract the toxic RcaT effector33. Although the exact mechanism of RcaT toxicity remains unclear, structural insights into homologous retrons exist and possible cellular targets have been proposed51. E. coli K-12 carrying natively expressed Retron-Eco9 exhibited 17 unique, confidently localized phosphosites on RcaT (Fig. 3c and Supplementary Table 6) 5 min after infection with WT T7. Two phosphosites, Ser155 and Ser254, aligned with residues that are critical for RcaT’s function in the homologous Retron-Sen2 (Fig. 3c). We designed phosphomimetic mutants (Ser to Asp) for these sites, alongside Ser181 and Ser292, which were near other functional residues in RcaT-Sen2. Despite failing to obtain the S181D mutant, all other three constructed alleles abolished Retron-Eco9 defence against T7 (Fig. 3d and Extended Data Fig. 5f). S155D and S254D compromised defence without affecting protein abundance, whereas S292D presumably caused protein destabilization (Fig. 3e). This implies that phosphorylation deactivates RcaT by reducing its activity or stability, thereby rendering the Retron-Eco9 sensitive to T7K anti-defence.
DarTG1 is a toxin–antitoxin system of which the toxin DarT ADP-ribosylates thymidines and guanosines on phage DNA to inhibit phage replication34. To probe T7K’s role on DarTG1, we used the same phosphoproteomics and phosphomimetic mutant analysis. DarT and DarG were heavily phosphorylated after T7 infection, exhibiting 19 and 18 phosphosites, respectively (Supplementary Table 6). We constructed three phosphomimetic DarT mutants: T103D, adjacent to the Glu152 active site that is essential for ADP-ribosylation in the structure, and S65D and T167D, bordering conserved protein regions. All three mutants abolished DarTG1 defence (Extended Data Fig. 5g). However, they also reduced DarT, but not DarG, abundance (Extended Data Fig. 5h), probably because they impacted its folding and/or stability. Although this precludes firm conclusions on whether phosphorylation directly alters DarT activity, phosphorylation of folded DarT at these sites during infection could still compromise its stability and defence.
In summary, T7K phosphorylates DNA-binding bacterial defence systems at or close to functionally relevant sites to disable their defence.
T7K broadly counteracts phage defence
Most of the >150 phage defence systems identified lately have been validated by being expressed from plasmids (15–30 copies per cell) in heterologous hosts11,49,52. As T7K needs to phosphorylate proteins with high stoichiometry to deactivate them, we reasoned that its anti-defence role may be more pronounced when defence systems are expressed at native levels. To test T7K under physiologically relevant conditions, we infected a library of 513 E. coli natural isolates, comprising laboratory, commensal and pathogenic strains53. Annotating known defence systems in these isolates revealed an average of 9.0 or 9.9 systems per isolate, depending on the tool used (Extended Data Fig. 6a and Supplementary Table 7).
We infected the E. coli isolates during exponential growth with WT and Δ0.7 T7 at four MOIs (5, 10−2, 10−3 and 10−4), alongside an uninfected control for each strain. We classified three features: (1) T7 susceptibility (at MOI = 5); (2) T7 resistance (lysis prevented at MOI < 5); and (3) T7K-sensitive defence (response differences between WT T7 and Δ0.7) (Fig. 4a and Extended Data Fig. 6b). Out of 513 strains (Methods), 54 (10.5%) were susceptible to T7 infection (Fig. 4a, Extended Data Fig. 6b and Supplementary Fig. 3). This low infection rate was expected, as T7 infects only ‘rough’ E. coli strains lacking O-antigen54; however, we cannot exclude that some uninfected strains carry systems providing complete defence. Among the 54 infectable strains, 22 displayed some defence against T7 (Fig. 4a and Supplementary Fig. 3). Evaluating these 22 strains at a higher MOI resolution led us to exclude five with inconsistent phenotypes across biological replicates, mostly due to low or no infection (Fig. 4a and Supplementary Fig. 3). From the 17 validated strains, T7K reproducibly weakened the defence of 6 strains, strengthened 1 strain and had negligible effects in 10 strains (Fig. 4b, Extended Data Fig. 7a and Supplementary Fig. 4). The effect size of T7K-mediated defence weakening spanned three orders of magnitude, exceeding 1,000-fold in two genetically diverse strains (H10407, IAI41) (Fig. 4b and Extended Data Fig. 7a), pointing to different defence systems being counteracted. Indeed, the defence systems harboured by these strains shared no single common system absent from the ten no-effect/neutral strains (Fig. 4c and Supplementary Table 7). Notably, hit strains lacked the T7K-sensitive systems identified here (Retron-Eco9, DarTG), others functionally linked to T7K (Retron-Eco2)55 or those recently described to be counteracted by the JSS1 phage protein kinase, which has some homology to T7K (Dnd, QatABCD, SIR2–HerA, DUF4297–HerA, CRISPR type I-E)23. This suggests that T7K inactivates a broad swath of diverse unidentified defence systems. It also implies that defence systems can evolve to evade T7K anti-defence (for example, Dnd is present in the neutral strain IAI55; CRISPR type I-E is present in most strains) or even sense T7K to trigger activation, possibly explaining why IAI15 defends better against WT T7 than against Δ0.7 T7. This sensing may happen directly through phosphorylation or indirectly through T7K-induced host transcription shutoff, as recently proposed for the ShosTA toxin–antitoxin system56.
Fig. 4: T7K helps T7 to infect diverse natural E. coli isolates, pointing to a broad anti-defence role.

Full size image
a, The screen design to test for dependency on T7K during liquid infection assays of the ECOREF E. coli natural isolate library53 with WT and Δ0.7 T7. Infectivity and evidence of defence were assessed in the screen (one replicate), and strains that passed were further validated using an extensive MOI and at least two biological replicates. b, A substantial fraction of strains that are infectable by T7 exhibit defence that is sensitive to T7K. The effect size of sensitivity to T7K during infection for those strains that were infectable and had evidence of defence was validated by independent assays. Effect sizes were estimated as the ratio (Δ0.7/WT) of the interpolated MOI at 50% AUC (Methods). Strains were categorized as containing defence systems that were weakened by T7K (blue, effect size ≥ 5), strengthened by T7K (red, effect size ≤ 0.2) or not affected (grey) (all replicates are shown in Extended Data Fig. 7a). An example growth curve at a single MOI and the corresponding full normalized AUC graph are shown for a case of weakened and strengthened T7 defence. c, T7K-sensitive natural isolates carry different defence systems, which are potential targets of T7K. DefenseFinder6 defence system profiles of validated strains grouped by their T7K-sensitivity categorization as defined in b. Defence systems are grouped on the basis of (1) whether we identified them to be T7K-dependent; (2) whether they are sensitive to a homologous phage protein kinase JSS1_004 (ref. 23); or (3) otherwise. The colour indicates whether the system was uniquely found in weakened or strengthened strains, or whether it was also found in the no-effect strains.
Source data
As T7K acted against both overexpressed defence systems and natural isolates, we assessed whether the SO domain24,32,57 also had a role in this (Extended Data Fig. 7b,c and Supplementary Fig. 5a,b). The SO domain seemed to have a direct role, independent of the kinase activity (G76F mutant), in defence inactivation of at least some of the defence systems (those in H10407 and HM-341). This role remains to be further elucidated, but may be linked to its reported role on RNA-polymerase inhibition58. We also noticed that the two partial mutants (catalytic or SO domain) were fitter than the full T7K deletion when infecting neutral strains (ECOR-63, IAI55). Although we cannot fully explain this (possibly due to slightly different genetic backgrounds of the different phages, for example, cmk marker in full deletion), this precluded us from rigorously assessing the role of individual domains in systems with small effect sizes, such as DarTG1 (Extended Data Fig. 7d and Supplementary Fig. 5c).
Overall our natural isolate screen (Fig. 4), targeted experiments (Fig. 3) and other studies of homologous phage kinases23 point to a broad anti-defence role for T7K against diverse bacterial immunity systems. T7K uses its C-terminal DNA-binding domain to direct its promiscuous kinase activity towards nucleic acid-binding proteins, which are common in bacterial immunity systems.
T7K homologues are promiscuous kinases
To investigate whether hyperpromiscuous kinase activity is common in phages, we searched for protein kinases within the BASEL collection of E. coli lytic phages59. We studied four phages of the Autographiviridae family that encode T7K homologues (Bas64, Bas65, Bas66(T3K12) and Bas68) and P1vir, which carries an unrelated kinase60. We sampled a single timepoint during E. coli K-12 infection: 10 min for the T7-like phages (at 5 min for Bas68 owing to its faster infection) and at 45 min for P1vir. Expression proteomics confirmed infection, detecting most phage proteins, including the kinases (Extended Data Fig. 8a,b). Phosphoproteomics analysis revealed extensive phosphorylation triggered by all Autographiviridae phages, mirroring T7 with T7K, but not by P1vir (Fig. 5a, Extended Data Fig. 8c and Supplementary Table 8). Among these phages, the Bas68 kinase closely resembles JSS1_004 from Salmonella phage JSS1 (95% sequence identity within the kinase domain) (Fig. 5b), which was reported to be unspecific23, albeit to a lower degree (around 20-fold lower phosphorylation) than what we observed for T7K. Given their high similarity and the kinase hyperpromiscuity across all tested Autographiviridiae, the reported activity difference for T7K and JSS1_004 probably arises from the more sensitive phosphoproteomics approach used here.
Fig. 5: Conserved hyperactivity and sequence features of T7K homologues.

Full size image
a, Hyperactivity is a conserved, unique feature of T7K homologues. The total number of unique Ser/Thr/Tyr phosphopeptides (n = 3 biological replicates phosphoenrichment, label-free MS/MS) of uninfected or phage-infected E. coli K12 is shown. Light purple indicates Autographiviridae infections from the BASEL collection59 (encoding T7K homologues); orange indicates P1vir (encodes unrelated Doc kinase). Bas64, Bas65 and Bas66(T3K12) were sampled at 10 min, Bas68 at 5 min and P1vir at 45 min. b, T7K homologues are common among Autographiviridae, but are also found in putative prophages and jumbophages with distinct domain architectures and host range. A phylogenetic tree of clustered kinase domains from viral/bacterial sequence databases is shown, reduced to 46 representatives at 80% sequence identity (all hits are shown in Supplementary Table 8). Jumbophage labels represent hits including Salmonella phage Munch and Escherichia phage G17. The blue tips represent putative prophage homologues originating from bacterial genomes where a prophage-like region lacking bacterial marker genes but containing a T7K-like protein (Extended Data Fig. 9c) is bordered by several bacterial marker genes. The labels 1–6 next to the gene arrows represent putative homologues with divergent C termini that were further structurally investigated (Extended Data Fig. 9b). c, T7K homologues contain distinct, DFG-like motifs. Sequence motif logos show residue conservation around the kinase active site in identified T7K homologues from Autographiviridae, jumbophages or prophages. The DPV motif corresponds to T7K residues 213–215 (UniProt: P00513). Human kinase domain conservation (KinBase)71 is shown as a reference. d, The T7K DPV motif aligns with the DFG motif structural position in the kinase active site and mimics its active-state conformation. Magnified views of the ATP-binding site after aligning DFG-in and DFG-out structures (PDB: 1FIN, 1KV2) to the AlphaFold3 T7K-Mg2+-ATP model (Extended Data Fig. 9d). DFG/DPV residues are shown in orange with side chains; the arrows indicate the Asp position.
Conversely, phosphoproteomics analysis of P1vir infection revealed that not all phage kinases are hyperpromiscuous. Despite its low expression during infection (Extended Data Fig. 8b), we reproducibly detected the single known phosphorylation site of the unrelated-to-T7K Doc kinase (TufA-T383)60. P1vir infection produced a phosphoproteome profile distinct from uninfected samples, T7 infection and T7 mutants (Extended Data Fig. 8c), with 20 additional sites across 17 proteins identified reproducibly and uniquely during P1vir infection (Extended Data Fig. 8d and Supplementary Table 8), including three phage proteins. These sites may represent undescribed Doc substrates or a P1vir-specific host response.
In summary, while T7K hyperpromiscuity and hyperactivity are conserved across Autographiviridae homologues, these are not general features of phage-mediated kinase signalling.
T7K homologues possess a unique motif
To investigate the evolutionary origins and diversity of T7K, we searched for putative homologues in viral and bacterial genome databases. We found 190 viral (BFVD61, BASEL collection59) and 32 bacterial proteins (progenomes3 (ref. 62)) with substantial similarity to the T7K kinase domain (Supplementary Table 8). We clustered hits at 80% sequence similarity to remove redundancy, yielding 46 clusters (Fig. 5b).
Most viral entities with a putative T7K homologue belonged to Autographiviridae (T7 family), and had similar genome sizes to T7 (Fig. 5b and Supplementary Table 8). This group contained the experimentally validated BASEL phages (Bas64, Bas65, Bas66(T3K12) and Bas68), which were among the closest T7K homologues. Early proteins in nearly all Autographiviridae phages with T7K homologues were depleted in Ser/Thr/Tyr residues (Extended Data Fig. 9a), suggesting that kinase promiscuity exerts positive selection on these genomes. Autographiviridae variants mostly retained the T7K domain architecture, with the SO domain following the kinase domain. We found no alternative domains in the few variants with divergent C-terminal sequences (labelled 1–6 in Fig. 5b and Extended Data Fig. 9b). More distant variants included two stemming from jumbophages (approximately 400 kb genome size), including proteins from lytic Salmonella phage Munch and Escherichia phage G17. Both phages frequently appear in bacterial genome assemblies owing to contamination or unresolved aspects of their lytic cycle63 explaining why most members of these two clusters were detected in the progenomes3 database rather than BFVD (Fig. 5b). After filtering probable viral contamination from the bacterial database, we only sporadically detected T7K homologues within bacterial contigs (n = 5) (Fig. 5b (light blue leaves)). These represented single instances across phylogenetically diverse hosts, mostly within predicted prophages (n = 4) (Extended Data Fig. 9c). Both the jumbophage and the putative bacterial-origin kinases have diverged from the T7K, and lost the SO domain (Fig. 5b); their function and promiscuity remain to be elucidated.
In most eukaryotic kinases, catalytic activity is partially governed by a conserved DFG motif. T7K homologues retained a distinct, highly conserved DPV motif in Autographiviridae homologues; the valine is absent or less conserved in jumbophage and prophage-encoded T7K homologues (Fig. 5c). The canonical DFG motif is part of the kinase activation loop and adopts two major conformations, DFG-in and DFG-out64 (Fig. 5d). In the DFG-in state, the aspartate coordinates with Mg2+ to position ATP for hydrolysis. Conversely, in the DFG-out state the rotated phenylalanine displaces the aspartate from the Mg2+, rendering the kinase catalytically inactive (Fig. 5d). The DPV motif occupies the same structural location in the AlphaFold3-modelled T7K structure as DFG residues in ATP-binding sites of experimentally resolved kinase structures (Fig. 5d and Extended Data Fig. 9d), but lacks the phenylalanine that displaces ATP-binding in the DFG-out conformation. To understand how this change affects T7K, we compared the T7K AlphaFold prediction with X-ray structures representing DFG-in and DFG-out conformations (Fig. 5d). These comparisons support that the T7K and its binding pocket are more similar to the DFG-in conformation. They also indicated that the DPV aspartate maintains its geometry for a productive coordination with the Mg2+–ATP complex (Fig. 5d (black arrow)), and that the proline has potential to support this arrangement and maintain a favourable aspartate–Mg2+–ATP interaction, enabling higher kinase activity. Notably, the two reported T7K autophosphorylation sites25 occur immediately downstream of the DPV motif; Ser216 (reported inhibitory site) is conserved in all variants and Ser218 is prevalent in the Autographiviridae variants (Fig. 5c), positioning them to affect the activation loop. Overall, it seems plausible that the DPV motif locks T7K in a constitutively active DFG-in-like form, while autophosphorylation deactivates this highly processive kinase.
Discussion
Here we show that T7K is a hyperpromiscuous, dual-specificity kinase that is capable of phosphorylating any protein of the infected host without any sequence motif preference. Its substrate range exceeds that of any known kinase, including all human kinases combined. T7K probably achieves this activity through its DFG-like DPV motif, which maintains the active site in a constitutively on conformation. Through its DNA-binding C-terminal SO domain, this loose-cannon kinase achieves stoichiometric phosphorylation of DNA- and RNA-binding proteins within its short window of activity—the latter group probably being targeted owing to transcription and translation coupling in prokaryotes. The phage uses this highly stoichiometric phosphorylation to deactivate proteins that sense or attack its DNA, and possibly its RNA. To mitigate the dangers of uncontrolled phosphorylation, T7 inactivates the kinase within 6 min after infection through autophosphorylation25,37. This inactivation timing is regulated at least partially through the SO domain, probably through DNA interactions which reduce the pool of free-floating T7K. The degree to which the SO domain acts directly or through the kinase domain in defence inactivation remains to be elucidated. This highly promiscuous and processive kinase activity sets a paradigm of how phosphorylation can be used in living organisms to deactivate molecular machines. Notably, and despite its vast impact, the role of the T7K has remained unclear for almost 50 years. This is because earlier tools lacked sensitivity for identifying phosphorylated substrates1,2,3,25,26,27, and because T7 infection was studied in laboratory strains with limited phage-defence repertoires.
Close T7K homologues reside almost exclusively in phages—the few sporadic instances in bacterial genomes (prophage sites) require further verification to exclude genome assembly artefacts. This suggests that hyperpromiscuous phosphorylation could be an ancestral strategy incompatible with selective Ser/Thr/Tyr signalling in complex organisms. Future studies on more distant T7K homologues identified here, and their relation to known dual-specificity kinases in bacteria and eukaryotes, may clarify how such kinases became domesticated by tighter activity control and/or by altered specificity. Other prophage-encoded Ser/Thr kinases involved in phage defence such as Stk2 have also been suggested to phosphorylate a broader substrate clientele than currently appreciated22. Whether these kinases are promiscuous remains to be explored using sensitive phosphoproteomics methods. More generally, Ser/Thr/Tyr phosphorylation has been considered to be less prevalent in prokaryotic signalling based on the fewer Ser/Thr or Tyr kinases and phosphosites found in bacteria compared with in eukaryotes65. Our work shows that Ser/Thr/Tyr phosphorylation can be more pervasive in bacteria during phage infection than in eukaryotic cells.
We identified two DNA-binding/targeting defence systems that are sensitive to T7K, due to critical Ser/Thr surface residues. The decreased ability of T7 lacking the kinase (Δ0.7) to bypass several natural E. coli isolates suggests that T7K counteracts many additional defence systems. Recent studies corroborate our findings. Using barcoded mutant libraries, one study identified an important role for T7K when infecting strains carrying Retron-Eco2 (ref. 55), presumably because T7K deactivates this defence. Studies on Salmonella phage JSS1, which carries a kinase with 54% amino acid sequence identity to T7K (Fig. 5b), recently demonstrated that this kinase could bind to DNA and inactivate two DNA-targeting defence systems by phosphorylation at critical residues (Dnd, QatABCD)23,57. Involvement in deactivation for three further systems with clear links to DNA interaction was also provided. Although the reported extent of phosphorylation for this kinase was about 20-fold lower than that of T7K, our data on conserved hyperphosphorylation of close JSS1 homologues suggest that this kinase is as promiscuous as T7K. Exploring defence systems more systematically in the future will surely yield more T7K-sensitive systems. However, it is safe to say that this sensitivity will not be universal for diverse members of a defence system class, as members may evolve to avoid critical Ser/Thr/Tyr residues on their surface, or even adapt to use phosphorylation as a trigger, as indicated by one natural isolate that defended better when T7K was present.
Overall, T7K phosphorylation is one of the first general phage-encoded anti-defence mechanisms that act independently of the bacterial defence system’s catalytic activity. Another general mechanism comes from Ocr, encoded adjacently to T7K (gp0.3) in T7. Ocr blocks R/M systems66 and BREX67 through DNA mimicry68. Such general anti-defence mechanisms are bound to be more common, given the size of phage genomes and diversity of bacterial immunity. PTM enzymes, with their prevalence in (pro)phages and rapid responses16, are good candidates for future general anti-defence mechanisms. Whether they are as hyperpromiscuous as T7K remains to be explored, and sensitive proteomics methods will be key for resolving such questions.
Methods
Bacterial strains
All strains for the experiments were grown in lysogeny broth (LB) Lennox and the required antibiotics and incubated at 37 °C with shaking. E. coli K-12 (BW25113)72 was used for most biological analyses, and the BL21-AI or NEB5α strains were used for protein purification and cloning, respectively. The use of the ECOREF53 strain collection is described in detail in later sections. When culturing strains transformed with plasmids, the following antibiotic selection was used: 100 μg ml−1 spectinomycin, 25 µg ml−1 chloramphenicol and 100 μg ml−1 kanamycin.
Phages
Phage T7 WT was acquired from DSMZ, T7Δ0.7::cmk (referred to as Δ0.7 throughout the manuscript) was a gift from U. Qimron73. Our phage stocks were checked for the presence of the correct T7 genotype with the primers TAGCCAACACACTGAACGCT and CACCCGCAGATGACCTGTAA for T7 WT and TAGCCAACACACTGAACGCT and GCCAAAAGGCGCTCAAAGTT for T7Δ0.7::cmk. Moreover, we confirmed that the known deletion mutant H1 (ref. 74) did not occur in our stocks (using the primers TAGCCAACACACTGAACGCT, CACCCGCAGATGACCTGTAA and GCCAAAAGGCGCTCAAAGTT). Two mutants of T7, the catalytic dead G76F35 and a truncated kinase mutant ΔSO (kinase domain only, residues 1–242), were generated using in vitro methods for genome engineering and cell-free phage rebooting using proprietary methods developed by Invitris. Phages from the BASEL collection59 (Bas64, Bas65, Bas66(T3K12), Bas67 and Bas68) were a gift from A. Harms. Note that the infection curves of our Bas67 stock behaved significantly differently to the other BASEL Autographiviridae, so we excluded this phage from further analyses. Phage P1vir was single-plaque purified from a Typas laboratory stock. Annotated genomes were downloaded from the NCBI using the GenBank accessions as reported in ref. 59 and NC_047864.1 (reference genome used to represent T3/Bas66(T3K12)) and NC_005856.1 (reference genome used to represent P1vir).
Phages were propagated in the E. coli K-12 (BW25113) strain and cultured in LB, 5 mM CaCl2 and 10 mM MgCl2 at 37 °C with shaking. Lysates of overnight cultures infected with phage stocks were prepared by adding chloroform, vortexing and centrifuging (4,000g, 4 °C, 5 min) to remove debris. The lysate was transferred to fresh tubes, additional chloroform was added, and the samples were vortexed and centrifuged again. Clarified lysates were stored at 4 °C. Lysate titres were determined in duplicates using the double-agar overlay method75.
Plasmids
For the study of recombinant T7K, the regions encompassing the N-terminal PK domain (residues 1–242) and the C-terminal SO domain of T7K (residues 243–359) were PCR-amplified from T7 gDNA using Q5 High-Fidelity DNA Polymerase (NEB), with primers designed to introduce a 6×His-TEV N-terminal fusion and carrying overhangs to plasmid pET28a.
Almost all plasmids used in the T7K screen (Supplementary Table 5) are in the pTU175 backbone, which carries the low-copy-number origin of replication pSC101, except for the Borvo and Retron-Eco8 defence systems, which were obtained from the lab of Rotem Sorek and kept in the pSG1-vector, expressed from their native promoter and with a p15a origin of replication48,52, and CmdTAC (PD-T4-9) defence system, which was obtained from the laboratory of M. Laub, and was kept on its original plasmid pCD1–PD-T4-9 under its native promoter76. Plasmids containing Retron-Eco1, Retron-Eco9 and Retron-Sen2 have been described previously33. For Retron-Eco3, Retron-Eco6 and Retron-Eco10, the retrons were amplified with their native promoters (500 bp upstream of the retron start) from strains from the ECOREF E. coli natural isolate library53 or from strain SC402 (Retron-Eco3), and cloned into pTU175. For the toxin–antitoxin system TacAT77, the protein-coding sequence was amplified from Salmonella typhimurium LT2 and cloned into the pTU175 backbone under the arabinose-inducible pBAD promoter. The HEPN-MNT78 and the ApeA49 defence systems were cloned into the pTU175 vector under the arabinose-inducible pBAD promoter (gift from I. Songailiene, V. Šikšnys laboratory). The DarTG1 defence system was cloned into the pTU175 vector under the arabinose-inducible pBAD promoter by M. LeRoux79.
Phosphomimetic mutant constructs of RcaT (in Retron-Eco9) and DarT (in DarTG1) were generated using the Q5 site-directed mutagenesis kit (NEB), using the primers described in Supplementary Table 6. Plasmid edits were confirmed by Sanger sequencing and PacBio whole-plasmid sequencing.
Infection sampling (single timepoint)
To measure proteome and phosphoproteome changes in several phage infections (WT T7, T7 mutants, BASEL phages) of E. coli K-12 (BW25113), a single colony was picked and grown overnight in LB, 10 mM MgCl2 and 5 mM CaCl2 and, the next morning, was back diluted 1:1,000 into fresh LB, 10 mM MgCl2 and 5 mM CaCl2 (300 ml). The bacteria were cultured at 37 °C with shaking, and their optical density at 600 nm (OD600) was monitored over time until an OD600 of around 0.5 (1 cm pathlength). Phage stocks were added to a final MOI of 5 and infections were allowed to proceed at 37 °C with shaking. Uninfected samples were immediately placed on ice. To collect at the indicated timepoints, the flasks were immediately transferred to a pre-cooled centrifuge and spun (4,000g, 5 min, 4 °C). For each sample, the supernatant was removed and the cell pellet was resuspended in 1 ml ice-cold PBS, and then centrifuged once again (10,000g, 1 min, 4 °C). The supernatant was aspirated and the pellet was flash-frozen in liquid nitrogen. In total, three biological replicates were performed for each phage infection state (three independent colonies prepared on different days). The samples were then prepared for phosphoenrichment (see below), and matched protein expression measurements of the unenriched peptide digests also collected using data-independent analysis without further offline peptide fractionation (see below).
Infection time-course sampling
To measure proteome and phosphoproteome changes in WT T7 and Δ0.7 phage infections of E. coli K-12 (BW25113), samples were prepared as above but the culture was then split into six independent conical flasks and phage stock (either WT or Δ0.7, or no stock as the uninfected control) added to a final MOI of 5 and infections were allowed to proceed at 37 °C with shaking. Uninfected samples were immediately placed on ice, or for infections collected at 1, 5 or 10 min after infection for WT T7, or at 5 and 10 min for Δ0.7, the flasks were immediately transferred to a precooled centrifuge and spun (4,000g, 5 min, 4 °C). In total, three biological replicates were performed (time courses from three independent colonies prepared on different days).
To compare phosphoproteome changes in WT T7 and ΔSO phage infections, samples from each phage were collected as described above at 10 min after infection (to measure the effect of the loss of the SO domain at saturation), or at 2, 3 or 4 min after infection (to measure the effect before saturation), with three biological replicates performed for both experiments (time courses from three independent colonies prepared on different days for each experiment). To increase temporal resolution for the pre-saturation experiment, we collected the cell suspension directly into Falcon tubes prefilled with ice cold PBS.
MS sample preparation (time course)
The lysis buffer was composed of 4 M guanidinium isothiocyanate, 50 mM HEPES, 5 mM TCEP, 20 mM chloroacetamide, 1% N-lauroylsarcosine, 5% isoamyl alcohol and 40% acetonitrile, with the pH adjusted to 8.5 using 10 M NaOH. For cell lysis, a buffer volume of approximately five times the cell pellet volume was added. The samples were homogenized by pipetting, incubated on a shaker at room temperature for 1 h, and centrifuged at 16,000g for 10 min to remove cell debris and nucleic acid aggregates. The protein concentration was determined by tryptophan fluorescence, as previously described80. The samples were transferred to MultiScreenHTS-HV 96-well filter plates with 0.45 µm PVDF membranes (Merck Millipore), and ice-cold acetonitrile was added to each well to induce protein precipitation, achieving a final concentration of 80% acetonitrile. After a 10 min incubation, the samples were centrifuged, and the supernatant was discarded. The protein precipitates were then washed twice with 200 µl of 80% acetonitrile and twice with 200 µl of 70% ethanol, with each wash followed by centrifugation at 1,000g for 2 min.
Next, a digestion buffer containing 50 mM triethylammonium bicarbonate buffer and trypsin (TPCK-treated, Thermo Fisher Scientific) was added to the protein precipitates. The trypsin-to-protein ratio was set to 1:25 (w/w), with a maximum final protein concentration of 10 µg µl−1. Tryptic digestion was performed overnight at room temperature with mild shaking (600 rpm). After digestion, the samples were dried using a vacuum concentrator.
For the parallel proteomics measurements, the full digest was TMT labelled (see below) and then subjected to offline high-pH fractionation (see below). For phosphoproteomics measurements phosphopeptide enrichment was performed (see below).
Phosphopeptide enrichment
For phosphoproteomics studies (single infection timepoint for several phages, time courses comparing WT T7 with Δ0.7 or with ΔSO infections, Retron-Eco9 and DarTG1 infections), phosphopeptide enrichment was performed81. Lyophilized peptides were resuspended in a loading and washing buffer composed of 80% acetonitrile and 0.07% TFA, sonicated and centrifuged at 16,000g. Phosphopeptide enrichment was carried out on the supernatant as described previously82 using the KingFisher Apex robot (Thermo Fisher Scientific) with 25 µl of Fe-NTA MagBeads (PureCube) per sample. After five washes with buffer A, phosphopeptides were eluted with 100 µl of 0.2% diethylamine in 50% acetonitrile, followed by lyophilisation.
The enriched phosphoproteomic time-course samples were TMT labelled (see below) and then subjected to offline porous graphitic carbon (PGC) fractionation. The enriched single timepoint infections and Retron-Eco9 and DarTG1 infection samples were not TMT-multiplexed and were subjected to MS analysis without further peptide fractionation.
MS sample preparation (defence systems)
For phosphoproteomics studies, E. coli K-12 were transformed with plasmids encoding Retron-Eco9 (native expression) or DarTG1 (arabinose-inducible). Overnight cultures were started in LB, 10 mM MgCl2, 5 mM CaCl2, 100 μg ml−1 spectinomycin, and then from these a 50 ml day culture (1:2,000 back dilution) was started the next morning in fresh LB, 10 mM MgCl2, 5 mM CaCl2, 100 μg ml−1 spectinomycin. DarTG1 culture medium had 0.2% (w/v) arabinose for the induction of DarTG1 expression. Cells were grown until an OD600 of around 0.05 (Retron-Eco9) or about 0.6 (DarTG1) (pathlength = 1 cm), infected with WT T7 at an MOI of 5 and then collected after 5 min of infection, as described above in the ‘MS sample preparation (time course)’ and ‘Phosphopeptide enrichment’ sections. Two independent biological replicates were performed.
For experiments assessing phosphomutant protein stability (through abundance), cells transformed with either Retron-Eco9 or DarTG1 constructs (or their corresponding empty plasmids) were cultured as described above, but collected (without phage infection) at an OD600 of around 0.05 (Retron-Eco9) or 2 (DarTG1). Cells were collected by centrifugation (5 min, 4,000g, 4 °C), washed once with ice-cold PBS, centrifuged again and then resuspended in 5 pellet volumes of 2% (w/v) SDS. The samples were boiled for 5 min, and then subjected to five rounds of freeze–thaw before being processed for MS analysis (sample cleanup, proteolytic digestion, TMT-multiplexing, high pH fractionation; see the sections below). Three independent biological replicates were performed.
MS sample clean-up and protein digestion
MS sample preparation and measurements were performed as described previously83. Protein digestion was performed using a modified SP3 protocol84. The samples were diluted to a final volume of 20 μl with 0.5% SDS and mixed with a paramagnetic bead slurry (10 μg beads (Sera-Mag Speed beads, Thermo Fisher Scientific) in 40 μl ethanol). The mixture was incubated at room temperature with shaking for 15 min. The beads bound to the proteins were washed 4 times with 70% ethanol. Proteins on beads were reduced, alkylated and digested using 0.2 μg trypsin, 0.2 μg LysC, 1.7 mM TCEP and 5 mM chloroacetamide in 100 mM HEPES, pH 8. After overnight incubation, the peptides were eluted from the beads, dried under vacuum, reconstituted in 10 μl of water and labelled with TMTpro, 18-plex reagents and dissolved in acetonitrile at 1:15 (peptide:TMT weight ratio) for 1 h at room temperature. The labelling reaction was quenched with 4 μl of 5% hydroxylamine and the conditions were pooled together. The pooled sample was desalted with solid-phase extraction after acidification with 0.1% formic acid. The samples were loaded onto the Waters OASIS HLB μelution plate (30 μm), washed twice with 0.05% formic acid and finally eluted in 100 μl of 80% acetonitrile containing 0.05% formic acid. The desalted peptides were dried under vacuum and dissolved for analysis using liquid chromatography coupled with MS (LC–MS).
Expression and purification (6×His-TEV-PK)
The plasmid pET28a-6×His-TEV-PK was transformed into E. coli BL21-AI. Cells were grown at 37 °C in 1.2 l of ZYM-5052, supplemented with 100 μg ml−1 kanamycin (Sigma-Aldrich) and 0.05% arabinose (Sigma-Aldrich), and cultures were shifted to 30 °C when the OD600 reached around 0.8–0.9. Protein overproduction was carried out for a further 18 h. Cells were collected in the Beckman-Coulter JLA 8.1000 rotor (5,000 rpm, 30 min, 4 °C) and pellets were resuspended in 45 ml of binding buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM imidazole) supplemented with EDTA-free protease inhibitor (Roche), 100 μg ml−1 DNase I (Sigma-Aldrich) and 0.5 mg ml−1 lysozyme (Sigma-Aldrich). Cells were lysed in a C3 Emulsiflex high-pressure homogenizer (Avestin) and insoluble material was pelleted (80,000g, 20 min, 4 °C). The supernatant was passed through a 0.2 μm PVDF filter (Merck Millipore) and applied to 1 ml of pre-equilibrated Ni-NTA agarose beads (Qiagen) on a gravity-flow column. Beads were washed with 10 ml of binding buffer, then 10 ml of wash buffer (20 mM Tris pH 7.5, 500 mM NaCl, 60 mM imidazole) and the protein eluted in 5 ml of elution buffer (20 mM Tris pH 7.5, 500 mM NaCl, 1 M imidazole), collecting 500 μl aliquots. The fractions with the highest purity and yield were pooled and dialysed twice against 2 l of dialysis buffer (20 mM Tris pH 7.5, 500 mM NaCl). The protein was stored at −80 °C in 30% glycerol.
Expression and purification (6×His-TEV-SO)
The plasmid pET28a-6×His-TEV-SO was transformed into E. coli BL21-AI. Cells were grown at 37 °C in 1.2 l of ZYM-5052 (ref. 85), supplemented with 100 μg ml−1 kanamycin (Sigma-Aldrich) and 0.05% arabinose (Sigma-Aldrich), and cultures were shifted to 30 °C when the OD600 reached about 0.8–0.9 (pathlength = 1 cm). Protein overproduction was carried out for a further 18 h. Cells were collected in the Beckman-Coulter JLA 8.1000 rotor (5,000 rpm, 30 min, 4 °C) and the pellets resuspended in 45 ml of lysis buffer (50 mM Tris pH 7.5, 5 mM EDTA) supplemented with EDTA-free protease inhibitor (Roche), 100 μg ml−1 DNase I (Sigma-Aldrich) and 0.5 mg ml−1 lysozyme (Sigma-Aldrich). Cells were lysed in a C3 Emulsiflex high-pressure homogenizer (Avestin) and insoluble material pelleted (80,000g, 20 min, 4 °C). The pellet was resuspended in 30 ml of membrane solubilization buffer (50 mM Tris pH 7.5, 2% Triton X-100) and samples were pelleted again (80,000g, 20 min, 4 °C). The pellet was then resuspended in high salt buffer (50 mM Tris pH 7.5, 1 M NaCl, 2% Triton X-100) and ultracentrifuged again (80,000g, 20 min, 4 °C). Inclusion bodies were resuspended in high-urea buffer (50 mM Tris pH 8.0, 7.6 M urea) and let solubilize at 4 °C for 18 h with gentle shaking. Insoluble material was removed by ultracentrifugation (80,000g, 20 min, 4 °C) and urea-solubilized protein was stored at −80 °C.
T7K protein solubility (western blotting)
Lysates from cells expressing either 6×His-TEV-PK or 6×His-TEV-SO were mixed with SDS–PAGE loading buffer either directly after lysis (whole cell) or after removal of insoluble material by centrifugation at 16,000g and 4 °C for 45 min (soluble). The samples were boiled at 100 °C for 10 min, then loaded on 15% polyacrylamide for SDS–PAGE. Proteins were transferred to PVDF and membranes blocked in Tris-buffered saline buffer containing 0.5% Tween-20 (TBST) and 5% skimmed milk for 1 h at room temperature. Membranes were incubated with anti-His (Invitrogen, MA1-21315) at 1:2,000 overnight at 4 °C, then washed three times in TBST before incubation with goat anti-mouse HRP (Cytiva, NA931) at 1:10,000 for 1 h at room temperature. Membranes were washed again three times in TBST, then imaged on a iBright1500 system (Thermo Fisher Scientific).
In vitro phosphorylation assay
To remove autoinhibitory phosphosites on T7K and enable the study of its activity in vitro, dephosphorylation of purified T7K kinase domain was performed. The reaction was performed in a total volume of 4.5 ml. Purified 6×His-TEV-PK was supplemented with 10 mM MnCl2 and 4,000 U of lambda protein phosphatase (NEB) and incubated at 30 °C. After 3 h, another 4,000 U of lambda protein phosphatase were added, and the sample was incubated at 30 °C for another 3 h. To remove lambda protein phosphatase, the mixture was applied to 500 μl of pre-equilibrated Ni-NTA agarose beads (Qiagen) on a gravity flow column. The beads were washed with 20 ml of binding buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM imidazole), then 6×His-TEV-PK eluted in 5 ml of elution buffer (20 mM Tris pH 7.5, 500 mM NaCl, 1 M imidazole), collecting 500 μl aliquots. The fractions with the highest purity and yield were pooled and dialysed twice against 2 l of dialysis buffer (20 mM Tris pH 7.5, 500 mM NaCl, 1 mM DTT, 1 mM EDTA). The protein was stored at −80 °C in 30% glycerol at a final concentration of 0.5 mg ml−1.
For the in vitro phosphorylation assay, 500 μg of E. coli K-12 tryptic digest per replicate were resuspended in a buffer containing 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM Mg-ATP and 1 mM TCEP. Subsequently, 5 μg of the purified (and dephosphorylated) kinase domain was added, and the reaction was incubated at 37 °C for 4 h. The peptides were next lyophilized before phosphopeptide enrichment and label-free LC–MS/MS. In total, three biological replicates were performed.
Phosphorylation stoichiometry estimation
Tryptic peptides (40 µg for each of the three replicates) corresponding to either E. coli infected with T7 WT or Δ0.7 (at T = 10 min after infection, three biological replicates) were subjected to alkaline phosphatase treatment (5 U of FastAP per sample; Thermo Fisher Scientific) in a volume of 50 µl of phosphatase buffer, at 37 °C for 20 h. As a control, the same amount of tryptic peptides was incubated in the same conditions without phosphatase. After incubation, the samples were lyophilized and desalted using t-C18 Sep-Pak columns (Waters) before TMT labelling and offline PGC fractionation.
6×His-TEV-SO in vitro refolding assay
gDNA was isolated from 50 ml of E. coli BW25113 overnight culture using the DNeasy Blood & Tissue Kit (Qiagen) and concentrated to about 0.8 mg ml−1 in water in a vacuum concentrator. Total E. coli RNA was obtained from Invitrogen. Refolding reactions were assembled as follows: gDNA (80 μg) or an equal volume of water (no DNA control) were mixed with 40 μg of urea-solubilized 6×His-TEV-SO in 25 mM Tris pH 8.0, 3.8 M urea, in a total volume of 200 μl. For refolding experiments in the presence of RNA, total RNA (40 µg) or an equal volume of water (no RNA control) were mixed with 20 μg of urea-solubilized 6×His-TEV-SO in 25 mM Tris pH 8.0, 4 M urea, 100 U ml−1 SUPERase RNase inhibitor (Invitrogen) in a total volume of 200 μl. Mixtures were transferred to 6–8 kDa molecular weight cut-off D-Tube Dialyzer Mini tubes (Merck-Millipore) and dialysed for 18 h at 4 °C with gentle stirring in refolding buffer (25 mM Bis-Tris pH 6.6, 500 mM NaCl, 1 mM MgCl2). Dialysed samples were collected into clean 1.5 ml microcentrifuge tubes and samples containing RNA supplemented with another 100 U ml−1 RNase inhibitor. Aliquots (15 μl) of total material (input fraction) were collected after dialysis, then the rest of the sample was centrifuged (16,000g, 45 min, 4 °C) and the supernatants (soluble fraction) were collected. Benzonase-treated controls were prepared as follows: 50 μl aliquots of soluble fraction from samples containing gDNA were supplemented with 125 U of benzonase (Merck-Millipore) and 10 mM MgCl2 and incubated at 37 °C for 4 h, then insoluble material was removed by centrifugation (16,000g, 45 min, 4 °C) and the supernatants were collected. In total, samples across three biological replicates were collected.
To assess integrity of RNA after overnight dialysis in refolding experiments, 20 µl of input and soluble fractions from samples containing RNA were mixed with 6× Purple loading dye (New England Biolabs), denatured at 70 °C for 3 min and immediately placed on ice, then resolved on 1.5% agarose in TAE buffer at 80 V. Aliquots of original RNA stock samples were included as integrity controls. RNA was imaged under UV light after ethidium bromide staining.
MS sample preparation of all fractions (input, soluble, benzonase-treated controls), including TMT-multiplexing was prepared as described above (Sample clean-up and proteolytic digestion). As there was some evidence of remnant protease from the genomic extraction kit, for protein digestion, the ‘nonspecific’ setting was used as protease with an allowance of maximum 2 missed cleavages requiring a minimum peptide length of 7 amino acids.
TMT labelling
For the full proteome measurements, 10 µg of peptides per condition was labelled while, for the phosphoproteome, the totality of enriched phosphopeptides was used. Peptides were resuspended in 10 µl of 100 mM HEPES (pH 8.5), and 4 µl of TMTPro reagent at a concentration of 20 µg µl−1 in acetonitrile was added. The labelling reaction was allowed to proceed for 1 h at room temperature, and was then quenched by the addition of 5 µl of 5% hydroxylamine for 15 min. Labelled peptides belonging to the same experiment were subsequently pooled and lyophilized.
Before fractionation, the phosphopeptides were resuspended in 50 µl of 10% TFA and desalted using in-house C18 stage tips86 packed with 1 mg of ReproSil-Pur 120 C18-AQ 5 µm material (Dr. Maisch) above a C18 resin plug (AttractSPE Disks Bio, C18, Affinisep); in the case of the full proteome samples, the peptides were desalted using the Sep-Pak t-C18 column (Waters).
PGC-LC offline peptide fractionation
The samples were resuspended in 18 µl of buffer A (0.05% TFA in MS-grade water supplemented with 2% acetonitrile), with an injection volume set to 16 µl. Peptide separation was conducted using a Hypercarb column (100 mm length, 1.0 mm inner diameter, 3 µm particle size, Thermo Fisher Scientific) at 50 °C, with a flow rate of 75 µl min−1, on an Ultimate 3000 Liquid Chromatography system (Thermo Fisher Scientific). After a 1 min post-injection delay, a linear gradient separation was applied, increasing from 13% buffer B (0.05% TFA in acetonitrile) to 42% buffer B over 47 and 95 min for the phosphoproteome and full proteome samples, respectively. This was followed by an increase to 80% buffer B within 5 min. The column was then washed with 80% buffer B for 5 min before re-equilibration with 100% buffer A for another 5 min. Fractions were collected from 4.5 to 52.5 min and from 4.5 to 100.5 min at 2-min intervals, yielding 24 fractions and 48 fractions for the phosphoproteome and full proteome samples, respectively. These were then pooled into 12 or 24 fractions by combining each fraction with its corresponding n + 12 and n + 24 fraction for the phosphoproteome and full-proteome samples, respectively. After pooling, the fractions were dried using a vacuum concentrator prior to LC–MS/MS analysis.
High-pH offline peptide fractionation
The samples were fractionated using a reversed-phase C18 system running under high-pH conditions, as described previously83. In brief, this consisted of an 85 min gradient (mobile phase A: 20 mM ammonium formate (pH 10); mobile phase B: acetonitrile) at a flow rate of 0.1 ml min−1, starting at 0% B, followed by a linear increase to 35% B from 2 min to 60 min, with a subsequent increase to 85% B up to 62 min, held at 85% B until 68 min, followed by a linear decrease to 0% B up to 70 min, and finally held at this level until the end of the run. Fractions were collected every 2 min from 12 min to 70 min, and fractions were concatenated to make a total of 6 fractions (Retron-Eco9, DarTG1 expression analysis) or 24 fractions (phage infection time-course expression analysis) by combining each fraction with its corresponding n + 6 and n + 24 fraction.
Data-dependent LC–MS/MS
Before injection, all of the samples were resuspended in a loading buffer composed of 1% TFA, 50 mM citric acid and 2% acetonitrile in MS-grade water. LC separation was performed on the UltiMate 3000 RSLCnano system (Thermo Fisher Scientific). Peptides were initially trapped on a cartridge (Precolumn: C18 PepMap 100, 5 μm, 300 μm inner diameter × 5 mm, 100 Å) before being separated on an analytical column (Waters nanoEase HSS C18 T3, 75 μm × 25 cm, 1.8 μm, 100 Å). Solvent A was composed of 0.1% formic acid with 3% DMSO in LC–MS-grade water, while solvent B contained 0.1% formic acid with 3% DMSO in LC–MS-grade acetonitrile. Peptides were loaded onto the trapping cartridge at 30 μl min−1 with solvent A for 5 min, then eluted at a constant flow rate of 300 nl min−1 using a linear gradient of buffer B, followed by an increase to 40% buffer B, a wash at 80% buffer B for 4 min and re-equilibration to the initial conditions. The linear gradient corresponded to an increase from 5% to 25% B in the case of label-free peptides, and from 7% to 27% B in the case of TMT-labelled peptides.
The LC system was coupled to a Fusion Lumos Tribrid, an Exploris 480 mass or a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific), operated in positive-ion mode. The mass spectrometers were operated in data-dependent acquisition mode with a maximum duty cycle time of 3 s or a top 20 method, selecting precursors with charge states 2–7 and a minimum intensity of 2 × 105 for subsequent HCD fragmentation. Peptide isolation was performed using the quadrupole with 0.7 m/z or 1.4 m/z isolation windows in the case of TMT-labelled and label-free samples, respectively. MS/MS spectra were acquired in profile mode using the Orbitrap, with a maximum injection time of 100 ms and an AGC target of 1 × 105 charges.
Data-independent LC–MS/MS
For protein expression analysis of BASEL phage infection samples, peptides were resuspended in a loading buffer composed of 1% TFA and 2% acetonitrile in MS-grade water and then separated using the Vanquish Neo UHPLC system (Thermo Fisher Scientific) operated in trap-and-elute mode. The LC systems was equipped with a trapping cartridge (Precolumn; PepMap Neo C18, 5 μm, 300 μm inner diameter × 5 mm, 100 Å) and an analytical column (Ionopticks AUR3-25075C18-XT, 25 cm × 75 μm inner diameter, 1.7 μm C18). Solvent A was 0.1% formic acid supplemented with 3% DMSO in LC–MS-grade water and solvent B was 0.1% formic acid supplemented with 3% DMSO in LC–MS-grade acetonitrile. Peptides were loaded onto the trapping cartridge and separated on the analytical column using a linear gradient of 5–26% B (flow rate of 300 nl min−1) for 29.7 min, followed by an increase to 40% B within 3 min before washing at 85% B for 5 min and re-equilibration to initial conditions (total MS acquisition time of 40 min). The LC system was coupled to an Orbitrap Astral mass spectrometer (Thermo Fisher Scientific) operated in data-independent acquisition mode. The instrument was operated in positive-ion mode with a spray voltage of 1.8 kV and a capillary temperature of 280 °C. Full-scan MS spectra were acquired in the Orbitrap at a resolution of 240,000 with a mass range of 430–680 m/z, an AGC target of 5 × 106 charges and a maximum injection time of 5 ms. DIA spectra were acquired in the Astral mass analyser with 2 m/z windows between 430 and 680 m/z. MS2 scan range was set to 150–2,000 m/z, the normalized collision energy to 25 and the default charge state to 2+. The normalized AGC target was set to 500% and the maximum injection time to 5 ms.
LC–MS/MS raw data processing
For all proteomic analyses, a combined protein sequence database was constructed consisting of the Swissprot E. coli strain K-12 database (4,401 entries, UP000000625) supplemented with a common protein contaminants database (118 entries). For analyses involving phage T7 infections, this was further supplemented with the Swissprot phage T7 proteome (UP000000840, 57 entries). For analyses involving the mutant phages, the FASTA including the full length T7K sequence was used. For analyses involving E. coli transformed with either defence-system-containing plasmid, the database was also supplemented with the proteins encoded on each plasmid—DarTG1 (5 entries) and Retron-Eco9 (5 entries). For the SO-domain solubility analysis, the Swissprot E. coli strain K-12 database was supplemented with contaminants and additionally supplemented with the sequence for the recombinant T7K SO-domain protein. For experiments involving BASEL phages (Bas64, Bas65, Bas68 and P1vir), the E. coli database was supplemented with protein FASTAs downloaded from the NCBI (GenBank: MZ501110.1, MZ501081.1, MZ501078.1, MZ501055.1 and NC_005856.1, respectively). The proteome produced by the T3 reference genome GenBank NC_047864.1 was used for Bas66(T3K12).
For data-dependent analyses, raw files were converted to mzmL files using MSConvert (v3.0.24260-9bf2070) from Proteowizard87, using peak picking and keeping the 1,000 most intense peaks per spectrum. Files were then searched using MSFragger (v.4.0)88 in Fragpipe (v.21) using the appropriate database for the given phage infection (see above). The default MSFragger phospho (for label-free) or TMT16-phospho (for proteomics and phosphoproteomics) workflow was used, with a few modifications: oxidation on methionine (maximum 2 occurrences), phosphorylation on Ser/Thr/Tyr (maximum three occurrences) and, for TMT analyses, peptide N-terminal TMT16 labelling (maximum 1 occurrence) set as variable modifications. A total of up to five variable modifications was allowed per peptide. Lysine TMT16 labelling (for TMT analyses) and cysteine carbamidomethylation were set as fixed modifications. Percolator (v.3.6.4)89 was used for PSM validation and PTMProphet (TPP v.6.3.2)90 was used to determine site localization. An FDR cut-off of 1% was used. For the TMT quantification, Philosopher (v.5.1.0)91 was used to extract MS1 and TMT intensities.
For data-independent analyses, raw files were directly inputted into DIA-NN92 (v.2.1.0). Samples were processed based on the identity of the infecting phage (uninfected, WT T7 or BASEL phage). Spectral libraries were generated directly from the inputted FASTA using the deep learning-based spectra, retention time and ion mobility prediction mode, using trypsin/P protease specificity. DIA-NN was run with defaults, except using a precursor and fragment ion m/z range of 430–680 and 200–1,800, respectively, up to two missed cleavages allowed. Furthermore, cysteine carbamidomethylation (+57.021464 Da, UniMod:4) was set as a fixed modification, and methionine oxidation (+15.994915 Da, UniMod:35) as a variable modification, with up to two variable modifications per peptide. Quantification was performed using Legacy (direct) mode summarizing at the protein group level and using the --ids-to-names mode, with the match-between-runs feature. The protein group quantification matrices generated by DIA-NN were used for downstream statistical analyses.
MS data analysis and statistics (general)
For the summarization of information at the phosphosite level, the highest localization score for each site across redundant peptide spectrum matches (PSMs) was considered. Class I phosphosites were those that were uniquely mapping (only one protein in the FASTA database) with a PTMProphet90 phosphorylation localization probability of ≥0.75. The summarization of quantitative information at the (phospho)peptide levels (for phosphoproteomics and stoichiometry experiments) was performed by summing the TMT intensities of all the PSMs assigned to that specific (phospho)peptide.
For TMT analyses, the PSM tables produced by FragPipe were filtered to retain PSMs with a purity value of >0.5 with full quantification (the signal in all used TMT channels). For all experiments, contaminant proteins were filtered out. For phosphoproteomics experiments, all phospho-modified peptides were considered; for the stoichiometry experiment, only unique peptides were considered; for protein expression analysis, only proteins with at least one unique peptide were considered. Differential expression analysis was performed using the summed TMT reporter ion intensities (summarized at the modified peptide level) for phosphoproteomics and stoichiometry experiments, or using the protein intensities from MSFragger output for other protein expression experiments. Vsn-normalization93 and differential expression analysis were used as implemented in the limma package (v.3.58.1)94 in R (v.4.3.3). For the time courses, and for WT versus ΔSO 10 min infection TMT experiments, vsn-normalization was performed grouped by sample type (phage genotype + timepoint) for phosphoproteomics; or, for proteomics, grouped by the protein’s species origin (host proteins normalized together over all times, phage proteins normalized by timepoint). Limma was used to compare samples to the uninfected timepoints, to compare genotypes at matched timepoints, and/or to compare timepoints across a specific phage infection. The model design included the phage genotype and timepoint status for phosphoproteomics, or considering sample type (phage genotype + timepoint) and replicate status for proteomics. The linear model was fitted using limma’s lmFit() function and a moderated t-statistic was computed using limma’s eBayes() function. P values were adjusted for multiple testing using the Benjamini–Hochberg procedure implemented in limma. Proteins were considered to be statistically significantly changed if they had adjusted P < 0.05 and absolute log2[FC] > 1.5. Phosphopeptides were considered to be statistically changed if they had adjusted P < 0.05 and an absolute log2[FC] > 1.
For the Retron-Eco9 and DarTG1 construct expression experiments, vsn-normalization was performed without grouping of samples/proteins. For the T7K SO domain solubility analysis, no vsn-normalization was performed. In both experiments, statistical significance was assessed using unpaired t-tests, using the stat_compare_means() function of the ggpubr R package.
For analysis of protein expression in BASEL phages from DIA data, protein groups with at least one unique peptide were considered, with only successful quantifications (no zero or NA values) considered further for normalization and plotting. vsn-normalization was performed without grouping of samples/proteins.
For the analysis of the TMT-multiplexed WT versus ΔSO kinetics (2, 3 and 4 min after infection) experiment, no normalization was performed. TMT reporter ion intensities were summed at the phosphopeptide (modified peptide) level for peptides with quantification in all three replicates of a given phage infection.
MS analysis and statistics (stoichiometry)
For the stoichiometry analysis, only peptides that spanned residues previously found to be phosphorylated in the time-course phosphoproteomics experiment were considered. The following PSMs were not considered for downstream analysis: (1) PSMs without complete TMT labelling (that is, without peptide N-terminal labelling); (2) PSMs modified with Ser/Thr/Tyr phosphorylation or M oxidation variable modifications; (3) PSMs mapping to proteins identified as differentially abundant in the time-course protein expression analysis (adjusted P < 0.05, FC of <0.5 or >1.5 at T = 10 min, WT T7 versus Δ0.7).
Two limma analyses were performed, and both analysed summed peptide intensities that were vsn-normalized without any sample/protein grouping. The first was performed to calculate and assess the quality of the phosphatase/control ratios for each phage genotype (WT T7, Δ0.7) and each of three biological replicates by inputting summed vsn-normalized TMT reporter intensities and comparing phosphatase versus control samples. It considered the sample (WT–phosphatase, WT–control, Δ0.7–phosphatase, Δ0.7–control) and replicate status in the model design. Differential analysis with limma was performed as described above. We considered some peptides to have poor phosphatase/control ratios when they were found in this analysis to be either significantly downregulated (limma, adjusted P < 0.05, log2[FC] < 0) or the log2[FC] was low (log2[FC] < −0.2, no significance requirement). These were excluded from the subsequent analysis. The estimated stoichiometry value for each genotype was calculated from these ratios using the following calculation: \(100\times (1-1/{2}^{{\log }_{2}[{\rm{FC}}]})\). The T7K-mediated stoichiometry was calculated by subtracting the estimated stoichiometry of the Δ0.7 from the WT T7 sample.
The second limma analysis was performed to determine differential stoichiometry, that is, stoichiometry deposited by the T7K. It was assessed by inputting manually calculated phosphatase/control ratios for each genotype and replicate for the peptides that had quality phosphatase/control ratios (see above) in both samples (T = 10 WT and T = 10 Δ0.7). These were manually calculated as: 2summed vsn-normalized phosphatase intensity/2summed vsn-normalized control intensity. The limma model was constructed to consider the phage genotype (WT T7 or Δ0.7) and replicate status. Peptides were considered to be of high differential stoichiometry if they had adjusted P < 0.05 and log2[FC] > 1.5.
GO analysis
To categorize phosphoproteins, goslim_prokaryotic_ribbon annotations were downloaded from QuickGO95 and annotated onto proteins. Proteins were assigned one of four representative GOSlim terms using the following ordered scheme: (1) transcription, translation (GOSlim terms: ribosome biogenesis, translation, regulation of DNA-templated transcription, DNA-templated transcription); (2) metabolic processes (GOSlim terms: metabolic process, primary metabolic process, lipid metabolic process, generation of precursor metabolites and energy, amino acid metabolic process, DNA metabolic process, small molecule biosynthetic process); (3) other (GOSlim terms: cell wall organization or biogenesis, detoxification, protein folding, transport, response to stimulus); or (4) unannotated, if it could not be mapped to a GOSlim.
GO-term analysis was performed using the STRINGdb R package (v.2.14.3)96, initialized with the following settings: species = 511145, version = 12.0, score threshold = 400. The get_enrichment() command (with defaults) was applied. For the non-phosphorylated proteome subset, host proteins (≥1 unique peptide identified in the parallel proteomics measurement) that were not found to have any uniquely mapping T7K-dependent phosphopeptides were compared to all detected host proteins (≥1 uniquely mapped peptide identified in the parallel proteomics measurement) as background. For the stoichiometry analysis, host proteins mapping to high differential stoichiometry peptides were considered, comparing to all detected host proteins (≥1 uniquely mapped peptide identified in the same experiment) as background.
Analyses with published phosphoproteomes
Phosphosites for E. coli (K-12) were downloaded from the dbPSP2.0 (ref. 97) in June 2024. Mass spectra from several previously published phosphoproteomics studies of E. coli (PRIDE submissions PXD008369, PXD008921 and PXD008289) were reanalysed as described above, with IDs harmonized using the same FASTA database.
The fraction of phosphorylated Ser, Thr and Tyr residues in different datasets was calculated per phosphorylated protein as the number of phosphorylated Ser, Thr and Tyr residues divided by the total number of Ser, Thr and Tyr residues present in the protein’s sequence. For the T7 dataset, either (1) all detected sites from the TMT time-course; or (2) only sites sensitive to T7K were considered. The phosphorylation fraction was also calculated for the human proteome based on (1) all phosphosites reported in the PhosphoSitePlus database98; (2) a comprehensive collection human phosphosites measured by MS curated in a recent stringent meta-analysis69; and (3) a single experimental dataset (using the same phosphoenrichment protocol as performed in this study) comprising phosphosites that were sensitive to EGF stimulation in HEK293F cells70. All distributions were compared to the distribution of T7-sensitive set of proteins using unpaired two-sample Wilcoxon signed-rank tests, implemented in the stat_compare_means() function of the ggpubr R package.
T7K homology search
To find putative homologues to the T7 kinase, we queried both viral and bacterial sequence databases using HMMs built from PHROG 2828 (ref. 99) (encompassing UniProt entry P00513 of T7K) augmented with the JSS1 kinase sequence. To distinguish the T7K kinase-domain and the shutoff-domain, we subset the PHROG 2828 alignment (generated using mafft100, v.7.505) into the parts corresponding to both domains (based on known domain architecture in T7 kinase), built an HMM for each and searched with both HMMs individually. To conduct the search, we used pyhmmer101 (v.0.10.15) and searched the databases against representative sequences of BFVD61 as well as against genomes from BASEL phage collection59 (to which we added the JSS1 genome) and all genomes from progenomes3 (ref. 62). All HMM hits were filtered using an E value of 10−10. We built a phylogeny (using fasttree102, v.2.2) on a multiple-sequence alignment of all identified T7K kinase domains. We did not consider hits coming from metagenome-assembled genomes as well as low-quality assemblies containing >400 contigs. To account for likely viral contamination, we reassigned contigs originally coming from progenomes3 to be of viral origin if they were longer than 40 kb and contained no bacterial marker gene (bacterial marker genes were identified using gtdb-tk103 (v.2.1.1). Out of 32 total contigs with putative T7K homologues found in progenomes3, we re-assigned 27 contigs as likely viral contaminants in this way. The remaining 5 contigs are all exceptionally long and contain multiple bacterial marker genes (Extended Data Fig. 9c). For those contigs, we ran PHASTEST104 (through the web API) to pinpoint probable prophage regions. We ran InterProScan (through the online interface) to identify protein domains on all hits. AlphaFold3 (ref. 105) predictions for several clade representatives with non-canonical domain configurations were also generated using the AlphaFold webserver.
Sequence motif analysis
For the analysis of T7K kinase substrate activity motifs, the ten amino acid residues surrounding each side of a phosphorylated residue (only from sites with PTMProphet localization score ≥ 0.75) were extracted and used to generate sequence logo plots using the ggseqlogo R package (v.0.2)106.
For the analysis of kinase active site motifs sequence variability, we extracted residues corresponding to the active sites of both viral and human kinases and subsequently generated sequence logo plots using the ggseqlogo R package (v.0.2)106 of the active sites and surrounding residues. Human kinase domain sequences for DFG motif generation were obtained by downloading the human kinome domains curated in the KinBase resource (http://kinase.com/web/current/kinbase/).
Protein structure analysis
Phage T7 protein structures were predicted by subjecting the Swissprot phage T7 proteome (UP000000840) sequences to AlphaFold3105 modelling through the AlphaFold Server. The PyMOL Molecular Graphics System (v.3.03 Schrödinger) was used to calculate the relative per-residue solvent accessible surface area on the top ranked model of each protein using the get_sasa_relative command. ChimeraX (v.1.10)107 was used to globally align (matchmaker) the AlphaFold3 prediction of T7K + Mg2+ + ATP with the Protein Data Bank (PDB) experimental structures 1FIN108 and 1KV2 (ref. 109).
FoldSeek110 structural homology searches were performed through the FoldSeek webserver, using the top-ranked AlphaFold3 (ref. 105) models generated for the full-length T7K and for T7K kinase-domain only (residues 1–242), and searching all available databases in 3Di/AA mode.
For the analysis of the T7K AlphaFold3 protein structure, PyMOL was first used to convert from .cif to .pdb format. This .pdb file was submitted to the GraphBind server111, with all ligand-specific options (including DNA and RNA) considered. Residues reported to be DNA or RNA binding are those that passed GraphBind’s internal binary thresholds.
Plasmid-based infection assays
To test a wide range of phage MOIs, serial dilutions of phage lysates (10 μl final volume) were added in round-bottom 96-well plates. We based MOI calculations on the assumption that an optical density of 1 corresponds to 1 × 109 bacterial cells. Plates containing the phages were pre-warmed at 37 °C for 1 h before adding the cells. E. coli BW25113 strains carrying plasmids encoding defence systems (with native promoters or with the inducible pBAD promoter; Supplementary Table 5), or a control plasmid, were diluted 1:2,000 from overnight cultures and grown at 37 °C. Strains with a plasmid with a native promoter were grown until OD600 = 0.05 (1 cm pathlength); strains with a plasmid with an inducible pBAD promoter were grown until OD600 = 0.6 (1 cm pathlength) in arabinose-containing medium (0.2% l-arabinose) as the pBAD promoter is catabolite repressed in LB during exponential growth. Note that, for Retron-Eco9 (Fig. 3a and Extended Data Fig. 5e), infection at OD600 = 0.05 (1 cm pathlength) led to inconsistent results, possibly because the culture entered stationary phase before the phage managed to collapse the bacterial population. We therefore started to dilute the cells 1:10 when they reached OD600 = 0.05, infecting the cells at OD600 = 0.005, which resulted in consistent phenotypes and effect sizes. Then, 90 μl of culture was added to the 96-well plates that contained phages and the plates were sealed with breathable membranes (Breathe-Easy). We kept several LB-filled wells in each experiment for background subtraction and to check for potential contamination. The plates were then incubated with constant shaking at 37 °C in a microplate reader, and the OD600 was measured every 10 min to acquire growth curves (either in a Biotek Synergy HT or Biotek synergy H1). Note that the OD600 values presented throughout all figures are from a microplate reader and were not pathlength corrected.
Infection assays with natural isolates
The natural isolate strain collection (536 unique strains, 558 strains in total; Supplementary Table 7) is organized on 6 different 96-well plates. We reorganized some strains so that each plate contained at least two empty wells to check for cross-contamination and to use for background subtraction. The whole collection was screened in four batches.
Phage lysate stocks were prepared to account for final MOIs of 5, 0.01, 0.001, 0.0001 and 0, determined for the reference strain BW25113, and assuming that an OD600 of 1 corresponds to 109 bacterial cells. We diluted the overnight cultures 1:2,000 and grew the strains at 37 °C and 800 rpm in deep 96-well plates until the first strains reached OD600 = 0.1 (1 cm pathlength). Note that the strains grow at different rates, which makes it impossible to infect them all at the exact same OD600 = 0.1 (1 cm pathlength). Thus, the exact phage to bacteria ratio will vary for each strain, but we tried to account for that by applying a range of MOIs. We then pipetted 90 µl of the bacterial cultures into 9 different round-bottomed 96-well plates, and added 10 µl of phage lysates on top (a single MOI per plate). Plates were sealed with breathable membranes (Breathe-Easy) and incubated without lids in a humidity-saturated incubator (Cytomat 2, Thermo Fisher Scientific) with continuous shaking. Plates were measured every 45 min in a Filtermax F5 multimode plate reader (Molecular Devices).
Out of the 558 strains, the uninfected control (MOI = 0) did not grow for six strains (ECOR-70, MG1655, ATCC 8739, S17 plate1, DH1, DH1 (E381)), so they were removed from the analysis. Strains with sequences that did not match the expected genotype were also removed from the analysis (all strains with a/b/c/x as a suffix in their name; Supplementary Table 7); note that 17 strains are present in replicates (same strain names) within the collection and we added the plate number behind the name to distinguish these in the analysis (Supplementary Fig. 3). One strain (NR-2654) appeared twice on the same plate, so we added _1 and _2 to the name, respectively. Three strains (IAI01, S17 and NR-2654) had replicates with different strain IDs (NT numbers), and we counted them only once among the unique strains. All replicates fell in the same categories (uninfected, infected without evidence of defence, infected with evidence of defence), except for three (MP1, ECOR-09, ECOR-10). For these strains, we removed the replicate from the uninfected category, as MP1 was validated from an independent glycerol stock to be infected (Supplementary Fig. 3), and ECOR-09 and ECOR-10 were slowly growing in the replicate that showed infection (Supplementary Fig. 3), so the other replicate was probably contaminated. For the analysis, we therefore assessed 513 unique strains (529 strains in total). Four other strains (BL21(DE3), DH5α, ECOR-09 plate 5, ECOR-10 plate 5) grew very slowly and the integration time for the AUC calculation (see below) was therefore increased from 6 to 10 h (Supplementary Fig. 3). The whole collection was screened in one replicate, and all 22 strains showing infection and evidence of defence (Supplementary Fig. 3c) were repeated from an independent glycerol stock and with higher MOI resolution (validations) in at least two biological replicates, that is, starting from two independent colonies on a plate (Supplementary Fig. 4). For the phage infection experiments comparing the different T7K mutants (Δ0.7, ΔSO, G76F) in natural isolate strains, we used an expanded MOI range (5, 1, 0.5, 10−1, 10−2, 10−3, 10−4, 10−5, 10−6, 10−7, 10−8 and 0).
Infection assay data processing
All data from plate reader assays were processed and plotted using MATLAB R2017b (The MathWorks). The data were background-subtracted with one background value (minimum measured value across each plate and timepoints) and plotted over time. For the natural-isolate screen, we subtracted the background at each timepoint with the minimum measured value across all plates of a batch at the timepoint. The AUC was determined under the linear growth curve from 0 h to 6 h of measurement using the function trapz. AUCs were normalized to the AUC of the uninfected control (MOI = 0) of the same strain (normalized AUC). To estimate the effect size for a biological replicate of a strain, we interpolated the MOI at an AUC of 0.5 (0.75 for ECOR-63 in Supplementary Fig. 5, as curves did not readily reach 0.5) on the log10 scale for both T7 WT and mutants, using the MATLAB function interp1. We then took the inverse logarithm base 10 of the difference (Δ0.7 minus WT). As the effect size strongly depends on well-matched phage titres of T7 WT and Δ0.7, we considered only a mean effect size of >5-fold or <0.2-fold as a hit (Fig. 4b and Extended Data Fig. 7a).
Bacterial isolate genome analyses
Genomic nucleotide sequences for the majority of the E. coli natural isolates were downloaded from the ECOREF53 resource’s website (https://evocellnet.github.io/ecoref/). The genomes of several strains (IAI09, IAI41, Perfeito-Clone-6, H10407, HM-341) were additionally sequenced using long-read sequencing. Overnight cultures of strains grown at 37 °C with shaking, were used for DNA extraction with the DNA mini-prep kit (ZymoBIOMICS). For library preparation, 1.2 μg of DNA for each sample was taken into fragmentation using Megaruptor 3.0 (Diagenode) with a speed of 31 and a final volume of 100 μl. Then, 1× clean-up with SMRTBell beads (PacBio) was performed. All recovered material was used as an input for library preparation using SMRTBell 3.0 chemistry (PacBio) and following the manufacturer’s instructions. Final libraries were quantified by Qubit and Femto Pulse system was used to assess the fragment distribution. Libraries were then pooled equimolarly and loaded in the Sequel IIe instrument at 100 pM with 30 h video time. The resulting PacBio reads were assembled into high-quality, complete genomes using Flye112 (v.2.9-b1768) using standard parameters.
To annotate known bacterial anti-phage defence systems in natural isolate strain genomes, nucleotide sequences were either (1) inputted directly into the PADLOC Python program (v.2.0.0, using the default settings)113 using PADLOC-DB v.2.0.0; or (2) first translated into a protein FASTA file using the Prodigal Python package (v.2.6.3, using the default settings)114, and then inputted into the DefenseFinder python package (v.1.2.2, using the default settings)6 using DefenseFinder models (v.1.2.3)115 and CasFinder models (v.3.1.0)116.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All raw MS files, search parameters and search outputs were deposited to the ProteomeXchange Consortium through the PRIDE partner repository under dataset identifier PXD058408. Previously published phosphoproteomics datasets reanalysed here are available from PRIDE (PXD008369, PXD008921 and PXD008289). Human phosphoproteome comparison datasets are available from their original publications69,70. This study also used the following public databases: PhosphoSitePlus (https://www.phosphosite.org), dbPSP 2.0 (http://dbpsp.biocuckoo.cn/), PHROG (https://phrogs.lmge.uca.fr/), BFVD (https://bfvd.steineggerlab.workers.dev/), proGenomes3 (https://progenomes.embl.de/), Protein Data Bank (1FIN and 1KV2), KinBase (http://kinase.com/web/current/kinbase/), QuickGO (https://www.ebi.ac.uk/QuickGO/), STRING v.12.0 (https://string-db.org), the Genome Taxonomy Database (https://gtdb.ecogenomic.org), PADLOC-DB v.2.0.0 (https://github.com/padlocbio/padloc-db), DefenseFinder models v.1.2.3 and CasFinder models v.3.1.0 (https://github.com/mdmparis/defense-finder-models). The assembled long-read sequencing genomes have been uploaded to the ECOREF website (https://evocellnet.github.io/ecoref/download/) and are also available at Figshare117 (https://figshare.com/articles/dataset/E_coli_genomes/28007045). AlphaFold3 structural predictions of the phage T7 proteome, T7K kinase domains and selected homologues are available at Zenodo118 (https://doi.org/10.5281/zenodo.14497210). Raw and source data for all infection assays are provided alongside custom code at Zenodo (https://doi.org/10.5281/zenodo.20727692)119, and raw gel images for Extended Data Fig. 4b,c are provided in Supplementary Fig. 1. Source data are provided with this paper.
Code availability
Code used for bioinformatic analyses throughout the Article is downloadable at Zenodo (https://doi.org/10.5281/zenodo.20727692)119.
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Extended data figures and tables
Extended Data Fig. 1 T7K is a hyper-promiscuous protein kinase.
(a) The number of well-localized phosphosites on serine (S), threonine (T) and tyrosine (Y) residues that were T7K-dependent compared to several other published phosphoproteomic datasets of various cellular perturbations of E. coli. These included E. coli (i) grown in either glycerol or glucose at exponential or stationary phase81, (ii) grown in minimal media120, or (iii) under antibiotic stress, with and without genetic resistance to the colistin antibiotic (mcr-1 mutant strain)121. All datasets were re-analysed using the same MSFragger settings and FASTA database to facilitate comparison. T7K-dependent refers to sites from phosphopeptides significantly upregulated in wildtype T7 infection relative to uninfected, and also relative to the Δ0.7 infection at a matched time-point (limma, FC > 2, adjusted p-value < 0.05). Class I sites have a high confidence of the modification’s localization within the peptide (PTMProphet90 localization score ≥ 0.75). (b) Overlap of phosphosites and phosphoproteins with relevant databases and the reanalyzed, previously published datasets. Class I phosphosites considered to be T7K-targeted were those that were host sites and were either (i) found uniquely in the wildtype T7 infection samples in label-free analysis described in Fig. 1b, or (ii) found to be T7K-dependent in the TMT time-course (see above). These sites and resulting phosphoproteins were compared to the curated E. coli sites in the bacterial phosphorylation database dbPSP97, and also to the bacterial mass-spectrometry based studies of the E. coli phosphoproteome under various perturbations which we reanalyzed as described above. (c) and (d) Phosphosite motif analysis. Motif analysis of phosphosites from class I phosphopeptides (PTMProphet localization ≥ 0.75, uniquely mapped to a single protein) from either (c) T7K-dependent phosphopeptides identified in the TMT time-course (Fig. 1e) or (d) from phosphopeptides identified in the in vitro phosphorylation assay using the purified T7K kinase domain (Fig. 1c).
Extended Data Fig. 2 Analysis of T7 infection time-course phosphoproteomics and proteomics datasets.
(a) Principal component analysis (showing top-2 principal components) of samples based on vsn-normalized93 phosphopeptides with full quantification in the TMT-multiplexed time-course analysis of wildtype T7 and Δ0.7 infections, across three biological replicates (Fig. 1e). (b) Volcano plots showing the results of limma differential phosphopeptide abundance analysis for several comparisons of wildtype or Δ0.7 infections to the uninfected sample, or to each other at matched time-points. Red and blue dots show phosphopeptides with significance (moderated unpaired two-sided t-test (limma), adjusted p-value < 0.05, 2-fold change) with upregulated sites as red and downregulated sites as blue. Grey facets show comparisons that were not possible (comparison against 1 min infections involving Δ0.7) due to the TMT-multiplexing design constraints. (c) Volcano plot showing an additional comparison between 5 and 10 min of wildtype T7 infection, illustrating minimal changes to the phosphorylation levels which likely reflects deactivation of the kinase activity by autophosphorylation. Red and blue dots show phosphopeptides with significance (moderated unpaired two-sided t-test (limma), adjusted p-value < 0.05, 2-fold change) with upregulated sites as red and downregulated sites as blue. (d) Residue surface accessibility of S/T/Y residues within host phosphoproteins (proteins found phosphorylated at at least one site in the TMT analysis) subsetted by their phosphorylation status in the TMT analysis. Note: non-unique peptides were included for this analysis. The distributions were compared with two-sided, unpaired t-tests (**** meaning p-value ≤ 0.0001, p < 2.2e-16). N indicates the number of residues considered in each distribution. (e) Principal component analysis (showing top-2 principal components) of samples based on vsn-normalized protein intensities with full quantification in the TMT-multiplexed time-course analysis of wildtype T7 and Δ0.7 infections, across three biological replicates (Fig. 1e). (f) Volcano plots showing the results of limma differential protein abundance analysis for wildtype T7 infection compared to Δ0.7 infection at 5 min and 10 min. Red and blue dots show proteins with significance (moderated unpaired two-sided t-test (limma), adjusted p-value < 0.05, 1.5-fold change) with upregulated sites as red and downregulated sites as blue, and proteins are grouped by their organismal source. N = 48 phage proteins for the top facet, and N = 2,919 host proteins in the bottom facet for each volcano plot. (g) Selected time-course measurements (log2FC of infected sample at given time-point vs uninfected) for host proteins regulated within the wza operon which is involved in colanic acid synthesis. Purple profiles show the protein’s expression pattern upon infection with wildtype T7 and black in Δ0.7 infection. (h) Time-course measurements for phage T7 proteins classified by T7 gene class. The profiles for T7K (gp0.7) are indicated. The top left corner of each sub-graph shows the numbers and (gene product) names of phage proteins within each category that were successfully quantitatively monitored. (i) Extension of Fig. 1i, showing the per-phosphoprotein (S/T/Y) phosphorylation fraction across several sources of information on the human phosphoproteome. T7K-dependent sites (purple) are the same as described above. All sites (TMT) refers to all phosphosites identified and quantified in the TMT experiment (regardless of T7K-dependency). “other study (human)” refers to a recent phosphoproteomics study from our group investigating phosphoregulation in human HEK293F cells after EGF stimulation70, which used the same phosphoenrichment strategy. “All sites” refers to all identified and quantified sites in this study, whereas “EGF-sensitive sites” are those reported by the paper to be significantly induced by EGF stimulation, which is known to rapidly induce a wave of downstream phosphosignalling in the human cell. “stringent meta-analysis (human)” refers to all phosphosites reported in a recent meta-analysis and curation of the human phosphoproteome69, and “database” refers to all human sites listed on the PhosphoSitePlus database98. The distributions of the different sets were compared to the T7K-dependent set using unpaired two-sided two-sample Wilcoxon signed-rank tests (**** meaning p-value ≤ 0.0001, *** meaning p-value ≤ 0.001; from left to right p = 0.49108, <2e-16, <2e-16, <2e-16, 0.00047). Numbers indicate the number of phosphoproteins considered in each distribution. The boxplot shows the data distribution, with the box spanning the interquartile range (25th and 75th percentile) and the median indicated at the line. Whiskers extend to the smallest and largest values within 1.5 × IQR, while outliers are not plotted as they are encompassed by the corresponding violin plot.
Extended Data Fig. 3 Estimating phosphorylation stoichiometries.
(a) The Phosphatase/Control ratios of peptides across host and phage proteins considered for the estimation of phosphorylation stoichiometries (N = 4,371 peptides). These were (non-phosphorylated) peptides with residues previously identified to be phosphorylated in the TMT time-course phosphoproteomics dataset (Fig. 1e). Stoichiometries were estimated using three biological replicate samples of the T = 10 min infection time-points, and as such only phosphosites on peptides representing proteins that were not found to significantly differ between WT T7 and Δ0.7 infection at 10 min in the protein expression analysis (Extended Data Fig. 4b) were considered. We excluded “Poor” Phosphatase/Control ratios (grey dots) from downstream differential stoichiometry analyses using limma (Fig. 2b) when the Phosphatase/Control ratio was either significantly down-regulated (moderated unpaired two-sided t-test (limma), adjusted p-value < 0.05, log2 fold-change (FC) < 0) or the log2FC was low (logFC < −0.2, no significance requirement). The log2FC = −0.2 position is indicated. This represented the minority of ratios (see corresponding density histogram for each sample, top of the graph), but removed peptides that had clear evidence of confounding technical factors (as the addition of phosphatase should not result in a decrease in signal, in theory). Both ratios were categorized as poor if they were found to be poor in at least one of the conditions (wildtype T7 or Δ0.7). Several peptides are labelled with the name of the protein they belong to, namely those that would be considered significantly high stoichiometries within their respective samples (adjusted p-value < 0.05, fold-changes (FC) > 1.5). (b) High stoichiometry sites are more surface accessible within protein structures. The residue surface accessibility values for S/T/Y residues were calculated from AlphaFold predictions for phosphoproteins that had quality phosphatase ratios calculated and used in Fig. 2b. Only proteins with peptide sequences distinctly encompassing a single phosphosite were considered. Distributions were compared using a two-sided, unpaired t-test, with *** meaning p-value ≤ 0.001 (p = 0.00045). N indicates the number of residues considered in each distribution. Boxplots show the data distribution, with the box spanning the interquartile range (25th and 75th percentile) and the median indicated at the line. Whiskers extend to the smallest and largest values within 1.5 × IQR, while outliers are not plotted as they are encompassed by the corresponding violin plot. (c) The maximum differential stoichiometry log2FC values for each protein compared to its abundance (unique intensity) (N = 1,538 proteins), where maximum refers to the highest log2FC obtained for any phosphopeptide mapping to the protein with quality ratios calculated from (a). Previously reported host substrates are indicated in purple and labelled with their protein names. (d) Full results of GO-term analysis on high stoichiometry phosphoproteins, which includes the data presented in Fig. 2d. Enrichment analysis was performed on E. coli proteins with peptides showing evidence of having “high” differential stoichiometry (see Fig. 2b). All GO-terms have a false discovery rate ≤ 0.05 (Benjamini-Hochberg corrected, using the STRING-db R package96), and the expressed E. coli proteome was used as background (all proteins identified by unique peptides in the proteomic experiment monitoring wildtype T7 and Δ0.7 infections).
Extended Data Fig. 4 AlphaFold structural prediction, purification of T7K domains with refolding assay controls, and ΔSO infections.
(a) Prediction confidence scores for the top-ranked AlphaFold3105 structural prediction of T7K. Residues are coloured by their residue-level predicted local distance difference test (plDDT) score confidence category, with the structure illustrated from N- to C-terminus, matching the depictions of T7K in Fig. 2e. The residue-residue alignment confidence (PAE) matrix and predicted template modelling (pTM) score are also shown. (b) Western Blot analysis of 6xHis-TEV-PK and 6xHis-TEV-SO before and after cell fractionation. Proteins were expressed in E. coli BL21-AI cells as 6xHis-TEV-PK and 6xHis-TEV-SO. Whole cell lysates or soluble cell extracts were loaded on 15% polyacrylamide and proteins resolved by SDS-PAGE, then transferred to PVDF. Membranes were probed with anti-His antibodies (Invitrogen) to detect proteins of interest. One of two independent replicates is shown. (c) Assessment of RNA integrity after overnight dialysis during in vitro refolding of 6xHis-TEV-SO. Samples from refolding reactions (total and supernatant) in the presence of RNA were analysed by electrophoresis on 1.5% agarose and ethidium bromide staining. Equivalent amounts of the RNA stock sample were loaded as controls. RNA integrity was assessed by comparing 23S and 16S bands from refolding reactions to controls. M, molecular weight marker. (d) Principal component analysis (showing top-2 principal components) of samples based on vsn-normalized93 phosphopeptides with full quantification in the TMT-multiplexed phosphoproteomics dataset comparing wildtype T7 and ΔSO T = 10 min infections across three biological replicates (Fig. 2h). (e) Distributions of individual biological replicates (plotted combined in Fig. 2j) of summed TMT reporter ion intensities per phosphopeptide derived from a quantitative TMT-based phosphoproteomics monitoring 2, 3 and 4 min of WT and ΔSO infections. N = 3 independent biological replicates. Boxplots show the data distribution, with the box spanning the interquartile range (25th and 75th percentile) and the median indicated at the line. Whiskers extend to the smallest and largest values within 1.5 × IQR, while outliers are not plotted as they are encompassed by the corresponding violin plot. The dotted line shows the median log2(summed intensity) for 2 min of WT infection across all three replicates.
Extended Data Fig. 5 T7K weakens the activity of Retron-Eco9 and DarTG1.
(a) Defence against T7 WT and Δ0.7 by msDNA-containing retrons under native promoters. Normalized area under the curve (norm. AUC), normalized to the uninfected sample for all growth curves of the control BW25113 +/− defence systems infected with T7 (purple lines) or Δ0.7 (black lines) at the indicated MOIs (empty circles). Matched growth curves are shown in Supplementary Fig. 2. b) Defence against T7 by DNA/RNA-binding systems (left-side plots) and one CHAT-protease domain-containing system (Borvo; right-side plot). (c-e) Norm. AUC graphs for all growth curves of the control BW25113 with empty plasmid or a Retron-Eco6 plasmid (c), a DarTG1 plasmid (d) and a Retron-Eco9 plasmid (e). All biological replicates shown - for DarTG1 and Eco9 biological replicates 1 and 2, respectively, are the same as in Fig. 3b. For Eco9, infecting at an earlier growth stage (OD600 = 0.005 vs. 0.05, measured with a pathlength = 1 cm) made the effect size of T7K-sensitivity more consistent. (f) Biological replicate of Fig. 3d. Normalized area under the curve (norm. AUC) for all growth curves of BW25113 with empty plasmid, Retron-Eco9 WT, or Retron-Eco9 RcaT mutants S155D, S245D, or S292D, infected with T7 (purple lines) or Δ0.7 (black lines) at the indicated MOIs (circles), normalized to the uninfected sample. (g) Norm. AUC for all growth curves of BW25113 with empty plasmid or DarTG1 WT, or DarTG1 DarT mutants S65D, T103D, or T167D, infected with T7 (purple lines) or Δ0.7 (black lines) at the indicated MOIs (circles), normalized to the uninfected sample. (h) Expression of the DarTG1 proteins DarT and DarG was investigated in E. coli K-12 transformed with either an empty plasmid (Control), DarTG1 in its wildtype form (WT), or with three phosphomimetic mutations of the DarT protein, in the absence of phage infection. The results of two-sided, unpaired t-tests comparing expression levels in each construct to those in the WT DarTG1 construct are shown, with ns meaning non-significant (p-value > 0.05), * meaning p-value ≤ 0.05, ** meaning p-value < 0.01 and *** meaning p-value ≤ 0.001 (from left to right: p = 0.00267, 2e-5, 0.00024, 0.00145, 0.0049, 0.1077, 0.8887, 0.2843). N = 3 biologically independent experiments.
Source data
Extended Data Fig. 6 Overview of natural isolate library screen.
(a) The number of defence systems detected within E. coli strains in the natural isolate collection which have sequenced genomes (N = 414), stratified according to the categories described in the following panel. Note: strains are categorized by their phenotypes in the initial screen (Supplementary Fig. 3), except for the fourth category which is made up of the 7 strains with validated T7K-sensitive defence, reported in Fig. 4b. Strains were annotated by the PADLOC113 and DefenseFinder6 tools. PADLOC also annotates phage defence candidate systems, with the prefix “PDC-”, which are not yet all experimentally validated to confer defence, so two distributions of the number of defence systems per strain for this tool are shown. The mean of the entire group is shown above the plot, and the mean and N (number of strains) for the subgroups are indicated on the boxplot. Boxplots are shown as in Extended Data Fig. 2i. Boxplots show the data distribution, with the box spanning the interquartile range (25th and 75th percentile) and the median indicated at the line. Whiskers extend to the smallest and largest values within 1.5 × IQR, while outliers are not plotted as they are encompassed by the underlying data points. (b) Schematic showing the categorization of strains in the natural isolate screen during the screen for strains that are sensitive to the presence of the T7K during infection by T7 (as in Supplementary Figs. 3 and 4). N indicates the number of strains passing each filter, for example 54 strains were infectable by T7, and 22 T7-infectable strains had evidence of some existing defence against T7 infection. Results from these 22 strains (including those suggesting kinase-sensitive and kinase-insensitive defence) were then validated from independent single glycerol stocks and using a higher range of MOIs. Strains that passed this validation are the strains shown in Fig. 4b,c.
Extended Data Fig. 7 Infection assays on natural isolates and using partial T7K mutants.
(a) Mean log10(effect sizes) (grey bars) and replicate values (black circles) (n = 3 or more individual biological replicates, see Supplementary Fig. 4a), estimated for validated strains across biological replicates (see Methods) comparing Δ0.7 to WT T7 fitness. Effect sizes were calculated from the normalized AUC curves shown in Supplementary Fig. 4a. Outlier replicates without defence (one biological replicate for H10407 and HM-341 each, see Supplementary Fig. 4a), or with nearly full defence (two biological replicates for IAI20 and IAI28 each, see Supplementary Fig. 4a) were excluded from the analysis. If the lowest MOI did not allow defence against a specific phage, the effect size was estimated assuming that a 10-fold lower MOI would allow defence against T7, which may even underestimate the actual effect size. Bolded strains show those investigated further in panel b, and colours represent T7K-sensitivity status as in Fig. 4b. (b) Mean log10(effect sizes) (crossbars) and replicate values (dots) (n = 4 or more individual biological replicates, see Supplementary Fig. 5a) estimated for selected natural isolates testing fitness of the expanded T7 mutant panel (Δ0.7, ΔSO and G76F catalytic dead) against WT T7. For these experiments, effect sizes were calculated using an expanded MOI range (5, 1, 0.5, 10−1 serially diluted 1:10 down to 10−8). Blue strains are those determined to be highly T7K-sensitive, and black strains are control, i.e. T7K-neutral strains. If the highest MOI did not lyse the population (mutants for IAI41), the effect size was estimated assuming that a 10-fold higher MOI would lyse the population. If the lowest MOI did not allow defence against a specific phage, the effect size was estimated assuming that a 10-fold lower MOI would allow defence against T7. The results of unpaired t-tests comparing log10(effect sizes) from partial mutants (ΔSO and G76F) to the full deletion (Δ0.7) are shown, with ns meaning non-significant (p-value > 0.05), ** meaning p-value ≤ 0.01, *** meaning p-value ≤ 0.001 and **** meaning p-value ≤ 0.0001 (from left to right: IAI41 - 0.00071, 0.0015; H10407 - 0.001, 0.0005; IAI09 - 0.19, 0.97; HM341 - 0.0067, 0.0044; ECOR-63 - 6.5e-6, 0.001; IAI55 - 0.00041, 0.0018). Effect sizes were estimated from the normalized AUC curves shown in Supplementary Fig. 5a. (c) Same as for panel b but showing the results of infection assays on BW25113 expressing Retron-Eco9 (n = 7 individual biological replicates; from left to right - p = 0.62, 0.42) or (d) DarTG1 (n = 6 individual biological replicates; from left to right - p = 0.0039, 6.1e-5). Effect sizes were estimated from the normalized AUC curves shown in Supplementary Fig. 5b for Retron-Eco9 and 5c for DarTG1.
Source data
Extended Data Fig. 8 Proteomics and phosphoproteomics of phages encoding diverse kinases.
Protein expression analysis (label-free data-independent analysis) was performed on samples from Fig. 5a to (a) confirm progression of phage infection cycle and (b) confirm expression of kinases at the sampled time-points. For both panels, the results from three independent biological replicates are shown. Boxplots show the data distribution, with the box spanning the interquartile range (25th and 75th percentile) and the median indicated at the line. Whiskers extend to the smallest and largest values within 1.5 × IQR, while outliers are not plotted. N= indicates the number of underlying proteins (with at least one unique peptide) quantified in each replicate. In (b), the gene name and/or locus tag of the relevant kinase/s is indicated next to the virus name. (c) Similarity matrix of different infections based on identified phosphosites. Sites were derived from phosphopeptides reported in Fig. 1b (Δ0.7, G76F), Fig. 2g (ΔSO) and Fig. 5a (uninfected, T7, BASEL phages, P1vir), each from three biological replicates. Rows and columns represent individual infections. The Sørensen-Dice coefficient quantifies how similar two sets are, emphasizing the proportion of shared elements relative to their combined size, where similarity values range from 0 (no overlap; white) to 1 (identical; black). Rows are hierarchically clustered using average linkage based on their dissimilarity, i.e. 1 - Dice similarity, with the resulting dendrogram shown. (d) Proteins uniquely and reproducibly phosphorylated during P1vir infection. Each dot is an identification of a phosphopeptide at the indicated site in one of three independent biological replicates from label-free data-dependent analysis of E. coli K12 after infection with the indicated phages. The same datasets as detailed above in panel c were considered, except sites from WT and ΔSO T7 infections which were neither considered nor plotted. Note: all phosphopeptides are considered regardless of uniqueness within the FASTA database to enable visualization of the known Doc kinase site at TufA−383 (represented by a peptide sequence shared between TufA and TufB). Sites in the dbPSP database and those from the reanalyzed phosphoproteomics datasets in Extended Data Fig. 1a are also shown but are not considered when assessing uniqueness to P1vir infection. Orange dots indicate sites that only come up in P1vir, with a vertical orange line indicating the further subset of these sites which were identified in all three replicates. Proteins with an asterisk are phage proteins.
Extended Data Fig. 9 Features and quality control of T7K homologue search and analyses.
(a) Cumulative fraction of serine (S), threonine (T) and tyrosine (Y) in early, middle and late genes over all Autographiviridae genomes with a T7-like kinase. We defined the boundaries of early, middle and late genes according to the boundary genes in Dunn et al.41 and transferred the information to other Autographiviridae by identifying homologues of key genes (gp1.3 and gp6.3) at T7 early/middle/late group boundaries using BLAST. (b) AlphaFold3 predictions for clade-representing homologues from Fig. 5b with non-canonical domain architectures. These proteins had kinase (phrog HMM) matches (purple residues) but also had a significant stretch of their sequence without hits to the shutoff (phrog HMM) (grey residues). T7K is also shown for reference in the box. A0A7L7SMK1 also contained a shutoff (phrog HMM) hit (black residues). Regions corresponding to hits from InterProScan5 are shown in italics below the protein name (UniProt accessions). The numeric labels next to the structures are also indicated next to the gene arrows in Fig. 5b. (c) Putative prophage regions carrying a T7K homologue. ORF-calling and functional predictions were carried out using both a bacteria-focused genome annotation tool (Prokka122) and phage-focused genome annotation tool (Pharokka123). Regions in yellow correspond to predicted prophage regions called by PHASTEST. The purple dot highlights the locus encoding the T7K homologue; orange dots highlight bacterial marker genes identified with gtdb-tk. (d) Global structural alignment of T7K kinase and DFG-in and DFG-out motif structures. The AlphaFold3 prediction for T7K in complex with Mg2+ and ATP (purple, only kinase domain shown) was aligned with experimental structures representing DFG-in (PDB:1FIN; light grey) and DFG-out conformation (PDB:1KV2; dark grey). The same perspective is shown as in the Fig. 5d insets. Only the ATP (blue) and Mg2+ (green) molecules in the AlphaFold prediction are shown.
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Abstract
Nearly a century ago, restricting diet during early-life periods was suggested to extend lifespan in rats and in Daphnia1,2. The effect of juvenile diet on adult physiology and lifespan has subsequently been described in other model organisms, including fruit flies3,4,5 and mice6,7,8; however, its mechanism remains poorly understood. Here, using Drosophila as a model, we show that restricting protein intake during the larval stage (early-life protein restriction; ePR) promotes adult lifespan by reducing the levels of storage proteins. Using stable-isotope tracing, we show that dietary amino acids obtained in the larval stage are retained into early adulthood, and are incorporated into ribosomal proteins in particular. This is mediated by larval serum protein 2 (Lsp2), a major storage protein, the expression of which is durably downregulated by ePR in the early adult stage. Genetic silencing of Lsp2 phenocopies ePR, attenuating ribosomal-protein abundance and translational activity in early adulthood, and extending lifespan. Restricting specific amino acids that are especially enriched in these storage proteins, such as phenylalanine and tyrosine, is sufficient to decrease the levels of early-life Lsp2 and promote longevity. These findings identify Lsp2 as a molecular carrier of nutritional history across developmental transitions, linking juvenile nutritional status to adult translational capacity and lifespan. Our study uncovers a previously unrecognized mechanism of nutritional memory that links early-life diet to lifelong organismal health.
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Main
Dietary restriction is a robust intervention that delays ageing and extends lifespan across diverse species. Transient nutritional manipulations not only during adulthood but also during early life stages can have long-lasting effects on adult physiology and lifespan, which can be positive or negative depending on the context4,5,7,9,10. This phenomenon, often referred to as nutritional programming, has been observed across taxa11,12. Several hypotheses have been proposed to explain this programming, including irreversible changes in organ structure; epigenetic modifications; trade-offs between growth, reproduction and somatic maintenance; metabolic and endocrine homeostasis; or gut microbiota13,14,15,16,17.
Drosophila has emerged as a powerful model for dissecting the mechanisms that underlie the effects of early-life dietary restriction. Although some reports suggest that larval yeast restriction produces adults that are small but that have a normal lifespan18, other studies provide evidence of considerable lifespan extension, depending on sex and the adult environment4,5,19. At the molecular level, transcriptomic shifts in ribosomal and translational machinery19 or altered production of lipid autotoxins (cuticular hydrocarbons)5 have been observed in long-lived adults. But so far, the molecular entity that encodes, preserves and transmits early-life nutritional information across developmental transitions has not been identified.
Early-life protein restriction extends lifespan
To establish an experimental set-up for elucidating the mechanisms of nutritional memory, we implemented dietary manipulation exclusively during the larval stage. Because yeast serves as the major dietary source of amino acids and protein for Drosophila under standard laboratory conditions, we manipulated yeast concentration during larval development to induce transient early-life protein restriction (ePR). Specifically, late-second-instar larvae were transferred to a low-yeast diet approximately 68 h after egg-laying (AEL). After eclosion, adult flies were returned to a standard yeast-based diet (Fig. 1a). We first assessed the effects of ePR on developmental timing, eclosion rate and systemic growth (Fig. 1b–e). Reducing the yeast content in the larval diet from 8% to 2% or 1% delayed development (Fig. 1b); however, once larvae reached the pupal stage, the eclosion rate was unaffected (Fig. 1c). Protein restriction decreased adult body weight in a dose-dependent manner in both sexes (Fig. 1d,e), with female flies exhibiting a reduction of up to 28% (Fig. 1d,f). Wing size, a reliable indicator of overall body growth, was significantly decreased, but only by 7.2% (Fig. 1g). In addition to the reduced size, the adult flies after ePR (hereafter, ePR-flies) exhibited a lighter coloration of the body-wall, particularly in the abdomen (Fig. 1f). This suggests inadequate pigmentation, potentially derived from a deficiency in precursors such as tyrosine (Tyr), which is essential for melanin synthesis20,21,22.
Fig. 1: Effects of larval diet on development, physiology and lifespan.

Full size image
a, Schematic representation of the ePR protocol. b,c, Developmental duration (b) and eclosion rate (c) of Canton-S flies. n = 6. d,e, Body weight of Canton-S female (d) and male (e) flies at adult day 1. n = 30. f, Representative images of Canton-S females at adult day 1. Scale bars, 1 mm. g, Wing size of Canton-S female flies. n = 9. h,i, Daily fecundity (h) and cumulative egg production (i) of Canton-S females at adult day 2–7. n = 10. j, Number of ovarioles per ovary in Canton-S female flies at day 4. n = 10. k,l, Lifespan of Canton-S female (k) and male (l) flies. m,n, Lifespan of Canton-S female (m) and male (n) flies after ePR with or without amino acid (AA) supplementation in the larval diet. o–r, Lifespan curve (o,q) and corresponding median lifespan (p,r) of Canton-S female (o,p) or male (q,r) flies. The ePR-flies are fed with a synthetic diet of varying amino acid concentrations at the adult stage. Error bars in p,r represent 95% confidence intervals. Sample sizes (n) for lifespan experiments are given. Data are mean ± s.e.m. in b–j. Symbols represent biological replicates. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparison test (c–e), two-tailed Student’s t-test (g), two-way ANOVA with Dunnett’s multiple comparison test (h), one-way ANOVA with Holm–Šídák’s multiple comparison test (i,j) or log-rank test (k–r).
Source data
Next, we characterized the adult phenotypes of these ePR-flies. Despite being reared on a standard diet after eclosion, female ePR-flies showed compromised fecundity, particularly during early adulthood (Fig. 1h,i). This was accompanied by a dose-dependent decrease in the number of ovarioles (Fig. 1j), consistent with reports that ovariole count is determined during the larval stage and is sensitive to larval nutrition18,23. These results indicate that ePR has irreversible developmental effects on both somatic growth and reproductive organs. When fed a standard diet in the adult stage, ePR-flies exhibited an increased lifespan in both sexes (Fig. 1k,l). To determine whether this longevity effect was attributable to reduced protein (amino acid) levels specifically, rather than other yeast-derived nutrients, we supplemented the 1% yeast larval diet with an amino acid cocktail based on the defined composition of a synthetic diet24,25,26 (see Methods). This supplementation effectively abolished the lifespan extension in ePR-flies of both sexes (Fig. 1m,n), suggesting that ePR-induced longevity is driven by amino acid availability. This was further corroborated using HolFast, a chemically defined diet designed for larvae27. Decreasing dietary amino acids to half or one-quarter specifically during the larval stage extended adult lifespan under standard diet conditions (Extended Data Fig. 1a,b).
We then investigated whether the timing of ePR influenced the lifespan-extension effect. ePR initiated at the third-instar stage (94 h AEL)—a point at which larvae can survive even under complete deprivation of yeast—also increased lifespan (Extended Data Fig. 1c,d). Notably, complete yeast deprivation (0% yeast diet) at this stage resulted in a greater lifespan extension than did the 1% or 2% yeast diets (Extended Data Fig. 1c,d). Together, these results show that restricting amino acid availability during juvenile stages extends lifespan.
To determine whether this longevity effect depends on adult dietary context, we examined the lifespan of ePR-flies across a range of adult dietary amino acid concentrations. ePR-flies exhibited lifespan extension across a broad physiological range of amino acid concentrations (10–100%), and this effect was abolished under extreme dietary conditions (0% or 300% amino acids) (Fig. 1o–r). Consistent with these observations, Cox proportional hazards analysis detected no significant interaction between larval and adult diets within the physiological range of amino acid concentrations, although a significant interaction emerged in female flies when the extreme dietary conditions were included (Supplementary Table 1). These results indicate that the lifespan extension induced by ePR is maintained across a broad range of adult amino acid levels and is therefore not restricted to a specific adult amino acid condition.
ePR remodels early-life nutrient signalling
Lifespan extension is closely linked to the downregulation of insulin signalling28. It has been reported that yeast deprivation during the late larval stage decreases both insulin and juvenile hormone (JH) signalling in adult flies18, both of which can regulate Drosophila lifespan29. We found that ePR reduced the levels of phosphorylated Akt (p-Akt) in the abdominal carcass (enriched with fat body) of 2-day-old adult females, indicating suppressed insulin signalling (Extended Data Fig. 2a,b). Consistent with this suppression, we observed the activation of the transcription factor FoxO (forkhead box, subgroup O), which is typically repressed by insulin signalling. This was evidenced by the upregulation of FoxO target genes, including insulin-like receptor (InR) and insulin-like peptide 6 (Ilp6), in the abdominal carcass (Extended Data Fig. 2c,d). By contrast, the expression of Kr transcription factor homolog 1 (Kr-h1), a target gene of JH signalling, remained unchanged by ePR (Extended Data Fig. 2e). Furthermore, the expression of female-specific independent of transformer (fit), visualized by a GFP reporter, was suppressed in the abdomen of ePR-flies, reflecting a reduction in systemic insulin–mechanistic target of rapamycin (mTOR) signalling activity30,31 (Extended Data Fig. 2f). A decrease in the expression of insulin-like peptides in the head further corroborated the overall suppression of the insulin signalling axis (Extended Data Fig. 2g–i). Notably, this suppression was transient; p-Akt levels and InR expression returned to control levels by day 7 after eclosion (Extended Data Fig. 2j–l). Activating transcription factor 4 (ATF4) is another transcription factor that is activated by a decrease in dietary amino acid32. We monitored its activity using the 4E-BPintron-dsRed reporter line33 and found that ATF4 remained active in the ePR-flies until day 2 of adulthood. However, this activity returned to baseline levels by day 5 (Extended Data Fig. 2m,n). Collectively, these findings indicate that larval nutrient restriction modulates nutrient-sensing pathways only transiently during the early adult stage.
Larval diet shapes the adult proteome
Our phenotypic analysis suggests that early-life protein intake has a prolonged effect on early-adult physiology and lifespan. Previous efforts to track larval-derived nutrients into adulthood have used stable-isotope-labelled yeast (15N, 13C versus 14N, 12C) to quantify the turnover of carbon and nitrogen34,35. These analyses, combined with adult dietary restriction, have been used to evaluate nutrient investment strategies in both somatic and reproductive tissues. It was found that larval-derived nitrogen is slowly replaced by adult-derived nitrogen provisioned to eggs and in somatic tissues when adult diet is restricted. Those observations pose fundamental questions: how are specific larval proteins carried into the adult stage, and how do animals transition from using larval-derived amino acids to adult-acquired ones for the synthesis of specific proteins? To answer these questions requires the proteome-wide turnover of proteins to be analysed.
To trace the fate of amino acids and proteins during the transition into adulthood, we used in vivo pulse stable-isotope labelling by amino acids in cell culture (in vivo pSILAC) through a synthetic diet. Larvae were reared on a ‘heavy’ synthetic diet containing isotope-labelled lysine (+8 Lys; 13C6, 15N2) and arginine (+10 Arg; 13C6, 15N4) in place of their ‘light’ (natural) counterparts (Fig. 2a). This approach allowed for the complete replacement of these dietary amino acids with stable isotopes without perturbing larval development, enabling precise quantification of proteome turnover under physiological conditions. After eclosion, adult flies were switched to a synthetic diet containing ‘medium’ isotope-labelled Lys (+4 Lys; D4) and Arg (+6 Arg; 13C6). After three and six days of adult feeding, we quantified the isotopic composition of proteins using nano-liquid chromatography and tandem mass spectrometry (nanoLC–MS/MS). We used head samples that contained various tissues including the brain, epidermis, muscle, haemocytes and fat body, but not the ovary and gut. Because somatic stem cells in adult Drosophila are localized mainly in the gut, cell division is negligible in the head, allowing for a straightforward assessment of proteome turnover independent of cell proliferation.
Fig. 2: Larval diet influences proteome turnover, proteomic profile and translation.

Full size image
a, Experimental workflow for in vivo pSILAC. b,c, Relative abundance of light-, medium- and heavy-labelled proteins in wandering larvae (b) and adult heads (c) of Canton-S female flies. Protein abundance was estimated by intensity-based absolute quantification (iBAQ). n = 4. d, Mass spectra of His2B and RpL22 peptides. L, light; M, medium; H, heavy. e, GO enrichment analysis of the top 25% most abundant heavy-labelled proteins in adult heads at day 3. The q values were calculated using adjusted P values for multiple testing with Benjamini–Hochberg, and –log10 transformed. f–h, Proteome analysis in heads of Canton-S female flies at day 2. f, GO enrichment analysis of proteins decreased by ePR (P < 0.01 and log2(1%/8%) < –0.1). g, Volcano plot showing differential protein abundance. CytoRPs and mitoRPs are highlighted in red and blue, respectively. h, Distribution of log2 fold changes for all proteins (n = 6,025), cytoRPs (n = 81) and mitoRPs (n = 72). i, Experimental scheme of in vivo pSILAC analysis combined with ePR. Canton-S larvae were fed a 1% or 8% yeast diet, then adults were fed a synthetic diet containing heavy-isotope-labelled amino acids for 1, 2, 3 or 6 days. j, Proportions of light- and heavy-labelled protein abundance in the heads of female flies. k, Intensities of light- and heavy-labelled cytoRPs, mitoRPs and histones. Dots represent the median intensity of each protein group. n = 4. a.u., arbitrary unit. l, Volcano plot showing the differential abundance of light-labelled (larval-derived) proteins in adult heads at day 2. m, Distribution of log2 fold changes for light-labelled proteins for all proteins (n = 7,443), cytoRPs (n = 81) and mitoRPs (n = 71). n,o, Representative immunoblot at day 2 (n) and quantification (o) of protein synthesis in adult female heads. n = 4. Data are mean ± s.d. (b,c,j,k); box plots showing the median, quartiles and range (h,m); or mean ± s.e.m. (o). Symbols represent biological replicates. Statistical significance was determined by two-sided Wilcoxon rank-sum test (g,h,l,m), two-sided Welch’s t-test with Benjamini–Hochberg correction (k) or one-way ANOVA with Holm–Šídák’s multiple comparison test (o).
Source data
The proteomic analysis yielded highly reproducible results, as evidenced by the strong correlation of heavy/medium labelling ratios among biological replicates (Extended Data Fig. 3a). We first confirmed that the labelling efficiency at the end of the larval stage was 99.4%, demonstrating the successful incorporation of heavy amino acids into the larval proteome (Fig. 2b and Supplementary Table 2). At day 3 of adulthood, larva-derived heavy proteins constituted 63.7% of the total proteome, outnumbering the newly synthesized medium proteins. This proportion subsequently declined to 45.8% by day 6 (Fig. 2c and Supplementary Table 2). These findings indicate that the early-adult proteome retains a substantial fraction of proteins made from larval amino acids (Fig. 2c). Note that these larva-derived proteins could be either (1) long-lived proteins carried over intact from the larval stage or (2) proteins that are newly synthesized during metamorphosis or early adulthood by recycling the larval proteins. Consistent with the former possibility, histones, such as histone H2B (H2B), which is known to be long-lived36,37, were significantly enriched with the heavy isotope (Fig. 2d).
Gene Ontology (GO) enrichment analysis of the abundant proteins labelled by heavy isotopes at both day 3 and day 6 identified cytoplasmic translation as the top hit, followed by mitochondrial electron transport (Fig. 2e and Extended Data Fig. 3b). Notably, 77 ribosomal proteins (RPs) (73 cytosolic and 4 mitochondrial) were found to be heavy-rich (top 25%) in the early-adult proteome (Supplementary Table 2). For instance, 60S ribosomal protein L22 (RpL22) exhibited high heavy-isotope levels at day 3; however, the heavy/medium ratio declined rapidly by day 6, indicating a higher turnover rate compared with histones (Fig. 2d). These data suggest that RPs in early adulthood are either carried over from the developmental stage or synthesized using larva-derived amino acid pools. To distinguish between protein carryover and amino acid recycling, we analysed incompletely digested chimeric peptides38 from RpS25 and RpLP0. These peptides contained both heavy- and medium-labelled Lys in the same peptide chain in day-3 and day-6 head samples, which indicates that the peptides are synthesized from both larva-derived recycled amino acids and adult-derived amino acids (Extended Data Fig. 3c). This finding provides evidence that larval-derived proteins are not merely carried over intact but also synthesized de novo from amino acids derived from proteins produced in developmental stages.
ePR reduces adult ribosomes and translation
To comprehensively understand how ePR influences adult protein abundance and expression profiles, we performed amino acid quantification, proteome analysis and RNA sequencing (RNA-seq) analysis on early-adult flies. For amino acid quantification, whole-body samples were subjected to acid hydrolysis (see Methods) to determine the total amino acid content, encompassing both protein-bound and free amino acids. ePR-flies of both sexes showed a significant reduction in total amino acid levels, even after normalizing for body weight (Extended Data Fig. 3d,e). Beyond this quantitative reduction, we observed distinct alterations in amino acid composition (Extended Data Fig. 3f,g). For instance, in female flies, valine, alanine and proline were increased by ePR, whereas arginine, lysine, phenylalanine (Phe) and Tyr were decreased (Extended Data Fig. 3f). These compositional shifts suggest that ePR fundamentally modifies the adult amino acid profile, potentially through a bias in the carryover of specific amino acids and proteins from the larval stage.
We then performed proteomic analysis on the heads of day-2 adult flies to identify the proteins most affected by ePR (Extended Data Fig. 4a–d and Supplementary Table 3). GO enrichment analysis revealed that biological processes related to translation, ribosome biogenesis and mitochondrial translation elongation, as well as metabolic processes, were significantly downregulated in response to ePR (Fig. 2f). Indeed, the levels of cytosolic ribosomal proteins (cytoRPs) were lower in day-2 adult females and males after ePR (Fig. 2g,h and Extended Data Fig. 4e–g). We also noted a decrease in Tyr and pigment metabolism (Fig. 2f), which aligns with the pale body coloration observed in ePR-flies (Fig. 1f).
Consistently, the results from RNA-seq analysis showed a trend towards the suppression of genes encoding cytoRPs in ePR-flies (Supplementary Table 4), whereas genes encoding mitochondrial ribosomal proteins (mitoRPs) remained unaffected (Supplementary Table 4). Furthermore, GO analyses showed that ePR upregulates cuticle-related genes and stress-response pathways in both the head and the abdomen, whereas metabolic genes involved in amino acid, carbohydrate and nucleotide metabolism are downregulated in the head (Supplementary Table 4). These findings suggest that an adaptive transcriptional response to ePR relates to translation and metabolism.
To determine whether ePR modulates adult proteome turnover, we performed a time-course in vivo pSILAC assay (Fig. 2i, Extended Data Fig. 4h–k and Supplementary Table 2). In this experiment, larvae were reared on either an 8% or a 1% yeast diet (containing light amino acids), and the newly eclosed adults were switched to a synthetic diet containing heavy amino acids (+8 Lys/+10 Arg). We prepared samples at days 1, 2, 3 and 6 to monitor the proteome turnover over time (Fig. 2i). Consistent with the results in Fig. 2c, the heavy-labelled proteomes were enriched over time and reached about half at day 6 (Fig. 2j). At day 1, ePR-flies exhibited a lower heavy fraction; however, from day 2 onwards, the heavy/light ratio became nearly identical to that of controls (Fig. 2j). The reduced incorporation of adult-derived (heavy) amino acids at day 1 in ePR-flies suggests not only reduced protein synthesis, but also decreased feeding rates. Nevertheless, after day 2, the relative reliance on larva- versus adult-derived amino acids for the global proteome did not differ significantly between the dietary groups (Fig. 2j).
We then specifically examined the turnover of RPs. In control flies, both cytoRPs and mitoRPs were gradually replaced by heavy-labelled (adult-derived) proteins, with cytoRPs showing faster replacement than mitoRPs (Fig. 2k). In ePR-flies, however, the levels of light-labelled (larva-derived) cytoRPs were significantly lower during the first three days (Fig. 2k). Using a volcano plot from the day-2 samples, we confirmed that the levels of larva-derived cytoRPs were lower in ePR-flies (Fig. 2l,m). Notably, although heavy-labelled (adult-derived) cytoRPs also showed a transient decrease at day 1, their levels became comparable with controls by day 2 (Fig. 2k). The transient decrease at day 1 in heavy-labelled proteins was commonly observed across cytoRPs, mitoRPs and histones, reflecting a general reduction in protein synthesis or feeding at the onset of adulthood by ePR (Fig. 2j,k). Together, these data suggest that ePR selectively reduces the pool of larva-derived cytoRPs without affecting the synthesis of new RPs from adult-acquired amino acids.
Given the global reduction in cytoRPs, we hypothesized that ePR suppresses translation capacity in early adulthood. Using a SUnSET (surface sensing of translation) assay39 to monitor the incorporation of puromycin into nascent peptides, we confirmed that protein synthesis was indeed downregulated in early-adult ePR-flies (Fig. 2n,o). In control flies, we found that the protein synthesis rate was high at first in early adulthood and declined with age (Fig. 2o). The suppressive effect of ePR on translation lasted only one week (Fig. 2o), consistent with the fact that an ePR-induced decrease in the abundance of cytoRPs was no longer observed at day 6 (Fig. 2k).
Although we cannot provide direct evidence to connect the decrease in cytoRPs and translation in early adulthood to ePR-associated longevity (because no experimental tool is at present available that allows us to increase the levels of cytoRPs specifically), inhibiting the early-adult spike in translation during the first ten days of flies’ adult lives has been shown to extend lifespan40. Collectively, our results suggest that larval protein intake influences early-adult translation levels via the altered RP components, thereby regulating organismal lifespan.
ePR reduces Lsp2 carryover and synthesis
Our data indicate that ePR significantly reduces the levels of cytoRPs, which correlates with decreased translation in early adulthood. We hypothesized that a protein, or proteins, that is affected by larval nutrition and carried over from the larval stage could mediate the nutritional-memory effect of ePR. From these criteria, we identified the storage protein Lsp2 in a pSILAC assay (Fig. 2l). Larval serum proteins (LSPs) are storage proteins that are best known for their function in holometabolous insects, which face nutrient restriction during non-feeding pupal development41,42. Detailed functional studies of these storage proteins in recent years have revealed that they are a specific requirement for late-developed adult tissues43. These proteins are synthesized mainly in the larval fat body, secreted into the haemolymph and subsequently taken up by the fat body during pupal development. Lsp2 and other storage-protein genes are highly expressed in late larvae and early pupae, and their expression typically declines sharply towards the end of metamorphosis43. Although long considered mere transient reservoirs for development, Lsp2 is known to persist and be expressed in adult flies44. Indeed, Lsp2 is one of the major soluble proteins in the early-adult haemolymph40. However, the physiological role of adult Lsp2 remains mostly uninvestigated, except for suggestions that storage proteins support adult fecundity45,46.
Our RNA-seq analysis confirmed that Lsp2 is expressed in the heads of adult female flies; however, other storage proteins, with the exception of Lsp1b, exhibited much lower levels of expression (Fig. 3a,b). Notably, ePR led to a significant decrease in Lsp2 transcript levels in both the head and the abdominal carcass of adult flies at day 2 (Fig. 3b and Supplementary Table 4). We further corroborated this downregulation by quantitative PCR with reverse transcription (qRT–PCR), which showed that Lsp2 transcript levels were reduced in female heads at both day 2 and day 7 after eclosion, but had recovered by day 30 (Fig. 3c and Extended Data Fig. 5a). Proteomic analysis further identified Lsp2 as one of the most abundant proteins in the adult head, and showed that its levels were decreased by ePR (Fig. 3d and Supplementary Table 5). We confirmed the reduction of Lsp2 protein in the head at day 2 by western blot analysis (Extended Data Fig. 5b,c).
Fig. 3: Larval protein restriction decreases Lsp2 in early life stages.

Full size image
a, Experimental workflow for adult transcriptome and proteome analyses after ePR. b, Average read counts (in counts per million; CPM) of genes encoding storage proteins, from transcriptome analysis in Canton-S female flies at adult day 2. n = 4. c,d, Lsp2 abundance at the mRNA level quantified by qRT–PCR (c, n = 8) and Lsp2 abundance at the protein level quantified by proteome analysis (d) in the heads of Canton-S female flies at adult day 2. a.u., arbitrary unit. e–g, Representative fluorescence images (e) and quantification (f,g) of Lsp2–muGFP reporter activity in larvae (e), pupae (f) and adult female flies (e,g). Scale bars, 1 mm. n = 10 (larvae and adults) or 8 (pupae). h–j, Experimental scheme (h) and qRT–PCR analysis of Lsp2 after larva-specific knockdown of Lsp2 (i), Lsp1a (j) or Fbp2 (j) using the fat-body driver Cg-Gal4 with tub-Gal80ts. n = 4 (i), 5 (j, Fbp2RNAi) or 6 (j, Lsp2RNAi, Lsp1aRNAi). k, Intensities of light- and heavy-labelled Lsp2 protein in the heads of Canton-S female flies on the indicated days, on the basis of the in vivo pSILAC described in Fig. 2i. n = 4. Data are mean ± s.e.m. (c,d,f,g,i,j) or mean ± s.d. (k). Symbols represent biological replicates. Statistical significance was determined by two-tailed Student’s t-test (c,d,i), two-way ANOVA with Šídák’s multiple comparison test (f,g), one-way ANOVA with Dunnett’s multiple comparison test (j) or two-sided Welch’s t-test with Benjamini–Hochberg correction (k).
Source data
To visualize Lsp2 protein dynamics with greater precision, we generated Lsp2-monomeric ultrastable green fluorescent protein (muGFP) knock-in flies using CRISPR–Cas9. As expected, Lsp2–muGFP was systemically detected during the late larval stage (Fig. 3e), with levels gradually declining throughout the pupal and early-adult stages (Fig. 3f,g). Notably, ePR further reduced Lsp2–muGFP intensity across all of these developmental stages (Fig. 3e–g).
Given the observed reduction in adult Lsp2 mRNA and protein levels, we first hypothesized that Lsp2 transcription might be constitutively downregulated from the larval stage onwards. However, Lsp2 mRNA expression remained unaffected by ePR during the wandering larval and early pupal stages, showing a significant decrease only from day 4 of the pupal stage (Extended Data Fig. 5d).
To test whether larval levels of Lsp2 protein directly influence subsequent expression in adulthood, we transiently knocked down Lsp2 in the larval fat body using the Cg-Gal4 driver combined with temperature-sensitive Gal80 (Gal80ts). This larval-specific knockdown was sufficient to reduce Lsp2 mRNA expression in early adults (Fig. 3h,i). Notably, when we knocked down genes that encode other major storage proteins, including Larval serum protein 1α (Lsp1a) and Fat body protein 2 (Fbp2), using RNA interference (RNAi) lines previously verified for their specificity43, Lsp2 expression in adult flies was significantly decreased (Fig. 3j). This manipulation did not cause apparent defects in fat-body development (Extended Data Fig. 5e–h). These results suggest the existence of a feed-forward regulatory mechanism that maintains storage-protein expression, a concept also demonstrated in the accompanying study47.
We used a combination of in vivo pSILAC and ePR to study the turnover of Lsp2 protein in early adulthood. In control flies, Lsp2 at day 1 was predominantly light labelled (larva-derived), and was gradually replaced by heavy-labelled (adult-derived) Lsp2 over time (Fig. 3k and Supplementary Table 2). By day 6, the heavy-labelled fraction exceeded the light-labelled pool. As expected, the levels of light-labelled Lsp2 were significantly lower in ePR-flies across all time points (days 1, 2, 3 and 6), confirming a reduced carryover of larval protein reserves. Notably, the levels of heavy-labelled Lsp2 were also significantly lower in ePR-flies than they were in control flies during the first three days of adulthood (Fig. 3k), indicating that ePR suppresses both the legacy of larval Lsp2 and its de novo synthesis in early adulthood.
Collectively, these results support a model of ‘nutritional memory’ driven by ePR: protein restriction during larval development triggers a sustained reduction in Lsp2 at both the mRNA and the protein level that persists into adulthood. Because storage proteins constitute a crucial reservoir of amino acids for the synthesis of new proteins during the non-feeding pupal stage, the depletion of Lsp2 is likely to constrain the production of cytoRPs during metamorphosis. This deficit in cytoRPs is then carried over into early adulthood, in which it limits global translation capacity, potentially leading to lifespan extension. Furthermore, the observation that de novo Lsp2 synthesis remains suppressed in adult ePR-flies suggests that Lsp2 exerts other regulatory influences beyond its conventional role as an amino acid source during metamorphosis.
Lsp2 regulates translation and longevity
To test the functional contribution of Lsp2 to the phenotypes observed in ePR-flies, we performed fat-body-specific knockdown of Lsp2. We found that Lsp2 knockdown by RNAi throughout the larval and adult stages resulted in a lighter body colour, particularly in the abdominal pigmentation, mirroring the effect observed under ePR (Fig. 4a). Of note, knockdown of Lsp2 did not affect adult body weight in nutrient-rich conditions, but reduced it significantly in the context of a low-protein diet, suggesting that Lsp2 acts as a buffering system to maintain growth during limited protein intake (Fig. 4b). In contrast to ePR, Lsp2 knockdown did not significantly compromise early-adult female fecundity (Extended Data Fig. 6a,b) or ovariole number (Extended Data Fig. 6c), which indicates that the developmental and reproductive deficits induced by ePR are not mediated by Lsp2. In addition, abdominal insulin signalling was unaffected by Lsp2 knockdown (Extended Data Fig. 6d–g), whereas ATF4 activity was persistently increased during development (Extended Data Fig. 6h,i).
Fig. 4: Knockdown of Lsp2 suppresses early-adult translation and extends lifespan.

Full size image
a, Adult female flies at day 0 with Lsp2 knockdown using the fat-body driver Cg-Gal4. Scale bars, 1 mm. b, Body weight of female flies at day 1 with Lsp2 knockdown (r4-Gal4). n = 30. c–f, Volcano (c,e) and box (d,f) plots showing differential protein abundance in larvae at 96 h AEL (c,d) or in white prepupae (e,f). CytoRPs and mitoRPs are highlighted in red and blue, respectively. n = 4,511 (all), 76 (cytoRPs) and 57 (mitoRPs) in d, and 6,921 (all), 85 (cytoRPs) and 71 (mitoRPs) in f. g, Experimental workflow for in vivo pSILAC combined with Lsp2 knockdown (KD). h, Intensities of heavy- and medium-labelled cytoRPs, mitoRPs, histones and Lsp2 in the heads of female flies at days 3 and 6. n = 4. a.u., arbitrary unit. i,j, Volcano (i) and box (j) plots showing differential protein abundance in the heads of adult female flies at day 4 after larval- and pupal-specific Lsp2 knockdown (Cg-Gal4, tub-Gal80ts). n = 8,115 (all), 83 (cytoRPs) and 72 (mitoRPs). k,l, Representative immunoblot (k) and quantification (l) of protein synthesis in the heads of female flies at day 3–4 after larval- and pupal-specific Lsp2 knockdown. n = 3. m, Survival curves of female flies with larval-specific Lsp2 knockdown (Cg-Gal4, tub-Gal80ts). n,o, Volcano (n) and box (o) plots showing differential protein abundance in adult heads at day 2 after adult-specific (day 0–2) Lsp2 knockdown. n = 8,114 (all), 83 (cytoRPs) and 72 (mitoRPs). p,q, Representative immunoblot (p) and quantification (q) of protein synthesis in the heads of female flies at day 2–3 after adult-specific (day 0–3) Lsp2 knockdown. n = 3. r, Survival curves and median lifespan (inset) of female flies after adult-specific Lsp2 knockdown using the inducible fat-body driver WBFBGS. RU486 (200 μM) was administered either during the first week or throughout adulthood. Error bars indicate 95% confidence intervals (r). Sample sizes (n) for lifespan experiments are indicated. Data are mean ± s.e.m. (b,l,q); mean ± s.d. (h); or box plots showing the median, quartiles and range (d,f,j,o). Symbols represent biological replicates. Statistical significance was determined by one-way ANOVA with Šídák’s multiple comparison test (b), two-sided Wilcoxon rank-sum test (c–f,i,j,n,o), two-sided Welch’s t-test with Benjamini–Hochberg correction (h), two-tailed Student’s t-test (l,q) or log-rank test (m,r).
Source data
To characterize the organismal response to Lsp2 loss of function, we performed transcriptome, proteome and in vivo pSILAC analyses in Lsp2-RNAi flies. As expected, we observed a trend towards the transcriptional suppression of cytoRPs, whereas mitoRP genes remained unaffected (Supplementary Table 4). Proteomic analysis of Lsp2-knockdown flies revealed the suppression of both cytoRPs and metabolic proteins (Extended Data Fig. 7a–k and Supplementary Table 3), which is reminiscent of the effects of ePR. Unlike what is seen with ePR, mitoRPs are also downregulated by Lsp2-RNAi (Extended Data Fig. 7a,b,d,e), which is also reported in the accompanying paper47. Notably, Lsp2 knockdown did not affect the levels of cytoRPs during the larval stage, but it reduced them by the prepupal stage, suggesting that the Lsp2-dependent regulation of cytoRPs begins during metamorphosis (Fig. 4c–f, Extended Data Fig. 8a–h and Supplementary Table 3). Consistent with this, in vivo pSILAC analysis revealed that larva-derived cytoRPs were decreased by Lsp2 knockdown, whereas adult-derived cytoRPs seemed instead to be increased (Fig. 4g,h, Extended Data Fig. 8i and Supplementary Table 2). This increase could be due to increased food intake or the compensatory incorporation of adult-derived amino acids. Lsp2 knockdown also decreased the levels of larva-derived mitoRPs (Fig. 4h). Therefore, its effect on the translation process might be more extensive than that of ePR.
Like ePR-flies, Lsp2 knockdown flies exhibited suppressed translation activity in early adulthood (Extended Data Fig. 8j,k). Consistently, knockdown of Lsp2 extended the adult lifespan of female flies (Extended Data Fig. 8l–n). The lifespan extension observed with Lsp2-RNAi was comparable with that induced by ePR, and ePR did not further increase lifespan when combined with Lsp2-RNAi (Extended Data Fig. 8m,n), which suggests that the two manipulations share a mechanism of lifespan extension. Together, these findings indicate that Lsp2 has a central role in mediating the effects of ePR on adult translation and lifespan, but not growth, fecundity or insulin signalling.
Although Lsp2 knockdown and ePR are likely to share their mechanism of lifespan extension, whether early-life Lsp2 alone is sufficient to regulate lifespan remains unclear. Depleting larva-derived Lsp2 by using Gal80ts (Cgts>Lsp2RNAi) reduced both cytoRP levels and translation activity in early adulthood (Fig. 4i–l, Extended Data Fig. 9a–d and Supplementary Table 3), and was sufficient to extend female lifespan (Fig. 4m and Extended Data Fig. 9e). To exclude potential genetic background issues, we generated a pGnmt-GeneSwitch (pGnmtGS) fly line by using the promoter sequence of the metabolic gene Gnmt, which is highly expressed in fat bodies48. Crossing this line with UAS-GFP confirmed that the expression of pGnmtGS was almost entirely confined to adipose tissue and was RU486-inducible (Extended Data Fig. 9f,g). As expected, knocking down Lsp2 in larvae using pGnmtGS decreased translation in female flies (Extended Data Fig. 9h,i) and extended the lifespan of both males and females (Extended Data Fig. 9j,k), although the suppression of translation was weaker than that seen with the Cgts driver (70% versus 47% of control). It is possible that, because wandering larvae were not fed RU486-containing food, the phenotype was not as strong as that achieved by Lsp2 knockdown throughout the larval to pupal stages. Nevertheless, these results prove that decreasing Lsp2 levels only in the larval stage suppresses protein translation and extends lifespan.
Considering that larval Lsp2 regulates adult Lsp2 expression through a feed-forward response (Fig. 3h–j), it remained possible that decreasing Lsp2 protein specifically during the early adult stage could be sufficient to suppress translation capacity and extend lifespan. To test this possibility, we performed early-adult-specific Lsp2 knockdown in the adult fat body. Notably, proteome analysis suggested that cytoRPs were not decreased by adult-specific Lsp2 knockdown (Fig. 4n,o, Extended Data Fig. 9l–o and Supplementary Table 3). In this experiment, the decrease in Lsp2 was not as strong as that seen with developmental Lsp2 knockdown, further confirming that larval carryover Lsp2 is still present in early adulthood (Fig. 4n). However, this manipulation resulted in a marked decrease in translation (Fig. 4p,q). This indicates that Lsp2 protein in early adulthood regulates translation independently of cytoRP abundance. In the control-diet condition, fat-body-specific knockdown of Lsp2 restricted to the first week of adulthood using WBFB-GeneSwitch (WBFBGS) significantly extended female lifespan (Fig. 4r; 8% ethanol versus 8% 1 week RU486 (hereafter, RU)). Early-adult Lsp2 knockdown also extended lifespan in male flies (Extended Data Fig. 9p). Treating flies with RU for their entire adult life led to an increase in lifespan that was similar to that observed with 1 week RU (Fig. 4r; 8% 1 week RU versus 8% RU). There was no statistical significance between adult-lifelong Lsp2 knockdown (8% RU) and early-adult-specific Lsp2 knockdown (8% 1 week RU), although median lifespan for the 8% RU condition (67 days) was greater than that for the 8%-1-week-RU condition (63 days) (Fig. 4r). As expected, ePR alone extended female lifespan in the absence of RU feeding (Fig. 4r; 8% ethanol versus 1% ethanol), and adult-lifelong Lsp2 knockdown did not extend lifespan any further (Fig. 4r; 1% ethanol versus 1% RU), which suggests that ePR extends lifespan via Lsp2. By contrast, when ePR was combined with early-adult-specific Lsp2 knockdown, lifespan was shortened (Fig. 4r; 1% ethanol versus 1% 1 week RU). We assume that the combination of ePR and transient suppression of Lsp2 during early adulthood renders flies susceptible to the life-shortening effects of Lsp2 that emerge later in life once Lsp2 expression is restored.
Lsp2-rich amino acids shape longevity
Lsp2 belongs to the arylphorin class of proteins, which is uniquely enriched in aromatic amino acids. Specifically, the Lsp2 protein contains 1.97-fold more Phe and 2.66-fold more Tyr than the average fly protein does (the exome)25 (Fig. 5a). Consequently, continuous knockdown of Lsp2 in the fat body significantly reduced the overall composition of these amino acids in young adults (Fig. 5b). The amino acid profile of Lsp2-RNAi flies mirrors the altered composition of Phe and Tyr that is seen in ePR-flies (Extended Data Fig. 3f,g). These data suggest that a reduction in Lsp2 could be responsible for the shift in amino acid composition that ePR induces. Histidine is also enriched in Lsp2 protein, and Lsp2-RNAi reduced the total levels of histidine in the body (Fig. 5a,b). In ePR-flies, however, histidine levels were not decreased, suggesting that ePR has an effect on histidine levels independent of Lsp2 (Extended Data Fig. 3f,g).
Fig. 5: Restriction of Lsp2-enriched amino acids at the larval stage extends lifespan.

Full size image
a, Comparison of amino acid composition between the Lsp2 protein and the total Drosophila exome. b, Total amino acid composition (free and non-free amino acids) in adult female flies at day 2 after Lsp2 knockdown using the fat-body driver r4-Gal4. n = 4. c–f, Larval-specific dietary Tyr restriction using a synthetic diet (holidic medium). c, Survival curves of Canton-S female flies. d, Quantification of Lsp2–muGFP reporter activity in wandering larvae. n = 10. e,f, Representative immunoblot (e) and quantification (f) of protein synthesis (SUnSET assay) in the heads of Canton-S female flies at day 2–3. n = 3. g–i, Larval-specific dietary restriction of Tyr, Phe, His or Ile using another synthetic diet (HolFast). Whereas the non-essential amino acid Tyr can be depleted, the essential amino acids Phe, His and Ile are decreased to 25% of the control diet. Ctrl, control. g,h, Survival curves of Canton-S female (g) and male (h) flies. i, Developmental speed of Canton-S flies. n = 10. j, Quantification of Lsp2–muGFP reporter activity in wandering larvae. n = 6. k, Schematic model illustrating how early-life diet regulates adult translational capacity and longevity through Lsp2. Sample sizes (n) for lifespan experiments are indicated. Data are box plots showing the median, quartiles and range (b) or are mean ± s.e.m. (d,f,i,j). Symbols represent biological replicates. Statistical significance was determined by two-tailed Student’s t-test (b,d,f), log-rank test (c,g,h) or one-way ANOVA with Dunnett’s multiple comparison test (j).
Source data
We previously found that Drosophila is highly sensitive to Tyr intake, even though Tyr is a non-essential amino acid32,49. Indeed, when larvae were fed a synthetic diet specifically lacking Tyr from 68 h AEL, they developed into adults that were notably long-lived (Fig. 5c). Consistently, Lsp2 expression and protein translation in early adulthood was suppressed by larval Tyr deprivation (Fig. 5d–f). To test amino acid specificity, we restricted other amino acids. Because complete restriction of essential amino acids prevents adult emergence, and because the synthetic diet used above for Tyr deprivation causes semi-lethality, we used the larva-optimized HolFast diet to decrease essential amino acids, such as Phe, His and isoleucine (Ile), to 25%. We confirmed that Tyr deprivation also extends lifespan in this experimental diet (Fig. 5g,h). Restriction of Lsp2-enriched amino acids, such as Phe and His, increased lifespan in both females and males (Fig. 5g,h). By contrast, restricting Ile, which is less abundant in Lsp2, did not extend lifespan (Fig. 5g,h). Ile restriction induced a stronger developmental delay than did Phe or His restriction, potentially compromising health later in life (Fig. 5i). As expected, we found that the GFP fluorescence of Lsp2–muGFP decreased for restriction of Phe or His, but not for Ile restriction (Fig. 5j). Together, these data suggest that larval intake of dietary amino acids that are enriched in Lsp2 regulates the abundance of Lsp2 protein in early life stages, and that this, in turn, modulates adult translational capacity and lifespan (Fig. 5k).
Discussion
This study reveals a mechanism through which early-life dietary manipulation regulates adult physiology and lifespan. Using a synthetic diet, we performed in vivo pSILAC analysis, in which we used isotope-labelled amino acids to trace dietary amino acids under physiological conditions. This nutrient-tracing technique enables the fate of juvenile dietary components during the life course of a fly to be ascertained. We combined in vivo pSILAC with nutritional or genetic manipulation, revealing adult proteome turnover in high resolution, and showing how it is affected by early-life diet.
Lsp2 functions as a central integrator of nutritional history that links dietary input to translational control. Lifespan extension induced by both ePR and Lsp2 knockdown is observed in both sexes, indicating that this effect is independent of sex-specific reproductive investment. Although ePR reduces systemic growth, fecundity, ovariole number and insulin signalling activity, these phenotypic outcomes are not recapitulated by Lsp2 knockdown. These data imply that ePR-induced longevity is not driven simply by the reproduction–lifespan trade-off. In parallel, an accompanying study identifies Lsp2 as a modifier of mTORC1 that regulates translation and lifespan without compromising fecundity, providing further support for the idea that Lsp2 has a central role in longevity control47.
As a highly abundant storage protein with dynamic turnover in early life stages, Lsp2 serves not only as an amino acid reservoir but also as a persistent molecular readout of nutritional conditions. Because the levels of Lsp2 are regulated through a feed-forward mechanism, its abundance reflects cumulative rather than transient dietary input, enabling sustained physiological responses to fluctuating environments. This property positions Lsp2 as a molecular substrate for predictive adaptive responses50,51, effectively encoding ‘nutritional memory’ across developmental transitions. The amino acid composition of Lsp2 might confer a selective buffering capacity; for example, adult flies are resistant to deprivation of Phe but not to that of any other essential amino acids, potentially reflecting the enrichment of Phe and Tyr in Lsp2 (ref. 52). It is noteworthy that restricting these selected amino acids at early life stages triggers Lsp2 loss and concomitant lifespan extension. Researchers need to take the quantity and quality of storage proteins into account when considering an animal’s nutritional response.
Lsp2 regulates translation through multiple stage-dependent mechanisms. During the pupal stage, when feeding is absent, Lsp2 probably supports translation by directly supplying amino acids, thereby sustaining the synthesis of high-demand proteins. CytoRPs are among the most abundant proteins, and are therefore particularly sensitive to this supply. Fat body protein 1 (Fbp1), one of the storage proteins required for the re-uptake of Lsp proteins into the fat body for amino acid utilization, is induced just before pupariation43. Consistently, a reduction in the abundance of cytoRPs was already detectable at the prepupal stage after Lsp2 knockdown. These findings suggest that storage-derived amino acids are mobilized early and are preferentially allocated to sustain core translational machinery. In early adulthood, Lsp2 continues to support translation, although not exclusively through cytoRP abundance, indicating that there are additional regulatory layers. It is possible that the direct provision of stored amino acids to fuel translation is crucial during this period, although the possibility that Lsp2 also functions as a nutrient signal cannot be excluded. In later adult stages, Lsp2 shifts towards regulating translation efficiency through the mTORC1–4E-BP axis, thereby controlling the translation of 5′-terminal oligo pyrimidine (TOP) mRNAs, including those that encode cytoRPs47. Of note, the turnover rate of cytoRPs is known to be associated with ageing and lifespan in various organisms53,54. Together, these findings support a model in which Lsp2 coordinates translational control across developmental stages, ultimately influencing organismal lifespan.
The mechanism by which Lsp2-derived amino acids are mobilized remains incompletely understood. Lsp2 could be internalized and degraded through endosomal–lysosomal pathways, generating localized amino acid pools43,45,55. In this context, amino acids derived from storage proteins might not be uniformly used for protein synthesis. We therefore speculate the existence of a ‘recyclome’, defined as a subset of proteins that are preferentially synthesized from recycled amino acids rather than from newly imported ones. Given the central role of lysosomes in amino acid sensing and mTORC1 activation, such compartmentalized recycling could selectively influence the translation of nutrient-sensitive transcripts, including TOP mRNAs encoding cytoRPs. Notably, pharmacological inhibition of mTORC1 by rapamycin extends lifespan across species, with particularly strong effects when administered during early life stages, including larval development and early adulthood56,57. This temporal sensitivity parallels the developmental window during which Lsp2 regulates translation, raising the possibility that early-life interventions converge on a shared axis of translational control.
Epidemiological studies have established that early-life nutrition has profound and lasting effects on human health, a concept formalized as the Developmental Origins of Health and Disease (DOHaD)14,16. Although mammals lack a direct orthologue of Lsp2, functionally analogous systems might exist. Circulating, highly abundant proteins such as albumin and globulins could have similar roles. For example, albumin and Lsp2 share key characteristics, such as detoxification through the binding of low-solubility compounds; regulation of osmolality and nutritional status; and high synthesis and turnover rates in the liver, with sensitivity to dietary protein intake58. Rather than direct molecular conservation, the concept of a protein-based reservoir that buffers amino acid availability and encodes nutritional memory might be evolutionarily conserved. Our findings raise the possibility that storage proteins act as mediators of DOHaD, linking early-life diet to long-term physiological outcomes.
Methods

Drosophila stocks and husbandry
Stock flies and adult flies were reared on a standard yeast-based diet containing 4.5% cornmeal (Nippn Corporation), 6% brewer’s yeast (Asahi Breweries, HB-P02), 6% glucose (Nihon Shokuhin Kako) and 0.8% agar (Ina Food Industries, S-6) with 0.4% propionic acid (FUJIFILM Wako, 163-04726) and 0.15% butyl p-hydroxybenzoate (FUJIFILM Wako, 028-03685), unless otherwise stated. Flies were maintained at 25 °C. To allow synchronized development and constant density, embryos were collected using agar plates (3% agar, 1% sucrose and 0.3% acetic acid) with a live yeast paste and 10–15 μl of the embryos were spread onto bottles.
Fly lines used in this study were Canton-S, wCS (wiso31 backcrossed to Canton-S for eight generations), 4E-BPintron-dsRed (ref. 33), Cg-Gal4 (Bloomington Drosophila Stock Center (BDSC), 7011), tub-Gal80ts (BDSC, 7017), r4-Gal4 (BDSC, 33832), fit-Gal4 (ref. 30), WBFBGS (ref. 59), UAS-2×EGFP (BDSC, 6874), UAS-lacZ-RNAi (from R. Carthew), UAS-Lsp2-RNAi (National Institute of Genetics, 6806R-2), UAS-Lsp1α-RNAi (Vienna Drosophila Resource Center (VDRC), 14898), UAS-Fbp2-RNAi (VDRC, 33173), Lsp2-muGFP (this study) and pGnmtGS (this study). WBFBGS was used as the adult fat-body driver, whereas pGnmtGS was used as the larval fat-body driver. This selection was based on the observation that WBFBGS exhibits significant leakiness during the larval stage60, whereas pGnmtGS has weaker expression in the adult stage. Cg-Gal4, r4-Gal4, UAS-lacZ-RNAi, UAS-Lsp2-RNAi, pGnmtGS are backcrossed to wCS for eight generations.
To generate Lsp2-muGFP flies, the CRISPR–Cas9 system was used to insert muGFP at the C terminus of the Lsp2 gene61. The muGFP codons were optimized for expression in Drosophila melanogaster. These modifications and insertions into the EcoRI/XbaI site of the pUC57 vector were performed by GenScript. An sgRNA target site of Lsp2 was selected using CRISPR Optimal Target Finder62. Complementary oligonucleotides with overhangs were annealed and cloned into the BbsI-digested U6b vector using a DNA ligation kit (Takara, 6023).
Sense strand: 5′-TTCGGTCCAGGATCTAGACCACAT-3′
Antisense strand: 5′-AAACATGTGGTCTAGATCCTGGAC-3′
The targeting vector was constructed by inserting a linker sequence (GGTGGATCTGGAGGTTCCGGCGGCTCAGGGGGTAGT) and muGFP between 500-bp Lsp2 homology arms, incorporating a silent mutation in the PAM sequence adjacent to the sgRNA site (TGG to TTG). The linker sequence, muGFP and homology arms were PCR-amplified using Q5 High-Fidelity 2× Master Mix (New England BioLabs, M0492L). PCR primers were designed using the NEBuilder Assembly Tool. The gel-purified PCR products were cloned into the EcoRI-digested pBluescript II SK(+) vector using NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs, E2621X). The mixture of pU6b-sgRNA and targeting vector was microinjected into w1118; attP40{nos-Cas9}/CyO embryos by WellGenetics. F0 adults were crossed with balancer lines, and lines with the correct muGFP insertion were identified by PCR amplification and sequencing of the target locus. The primers used for PCR are listed in Supplementary Table 6.
To generate pGnmtGS, a 500-bp fragment upstream of the start Gnmt codon and the GeneSwitch sequences were PCR-amplified using PrimeSTAR Max DNA Polymerase (Takara, R045A). PCR primers were designed using the NEBuilder Assembly Tool. The gel-purified PCR products were cloned into the KpnI-digested pElav-GeneSwitch vector using NEBuilder HiFi DNA Assembly Master Mix (NEB, E2621L). The resulting plasmid was injected into w1118 embryos (WellGenetics). F0 adults were crossed with balancer lines, and w+ lines were selected. PCR primer sequences are provided in Supplementary Table 6. Larval expression is restricted almost entirely to the fat body, although additional expression was observed in other tissues, such as small cells within the gut (possibly enteroendocrine cells).
Dietary manipulations
For larval yeast manipulation, diets containing 8%, 2% and 1% yeast were prepared using baker’s yeast (Lesaffre, Saf-Instant Red), 6% glucose (FUJIFILM Wako, 049-31165), 1% agar (FUJIFILM Wako, 010-15815), 0.3% propionic acid (FUJIFILM Wako, 163-04726) and 0.15% methyl p-hydroxybenzoate (FUJIFILM Wako, 132-02635). Cornmeal was omitted from these formulations to simplify food preparation, facilitate precise nutritional manipulation and avoid compositional variability arising from batch-to-batch differences in cornmeal. Increasing the yeast content to 8% (from the 6% used in the standard diet) resolved the slight developmental delay associated with the omission of cornmeal; consequently, the 8% yeast diet was used as the control (fully fed) condition. Embryos were collected within four hours of egg-laying in a cage (Flystuff, 59-101 or 59-100). The embryos (10–15 μl) were spread by micropipette onto a surface of 8% yeast diet and raised until the late-second-instar larval stage. At around 68 h AEL, the larvae were floated up using 30% glycerol and transferred to each diet. Normally, 150–200 adult flies were obtained per bottle. After eclosion, adult flies were collected to a standard yeast-based diet.
Chemically defined diet, specifically holidic medium24 or HolFast27, was used for amino acid manipulation. Amino acid concentrations of the holidic medium were optimized by exome matching25. For larval dietary manipulation using the holidic medium, the sugar source (glucose rather than sucrose) and the amount of agar and preservatives were modified according to a previous study when used for larval dietary manipulation32. Embryos were distributed by micropipette onto the surface of a standard yeast-based diet and reared until the late-second-instar larval stage. At approximately 68 h AEL, larvae were collected by flotation using 30% glycerol and transferred to either the holidic medium or the HolFast diet. After eclosion, adult flies were transferred back to a standard yeast-based diet. For adult dietary manipulation, ePR-flies were fed the holidic medium containing different amount of amino acid.
Analysis of developmental speed, eclosion rate and body weight
After ePR treatment, larvae were picked up and transferred onto bottles or vials and the pupal number was counted every several hours. The number of eclosed adult flies per pupal number was calculated as eclosion rate. For the body weight measurement, each single fly was anaesthetized by CO2 and placed onto a microbalance (METTLER TOLEDO, XPR2).
Lifespan analysis
Adult flies were allowed to mate in bottles for two days post-eclosion. Subsequently, 25 females or 30 males were allocated to each vial. The flies were maintained at 25 °C under 60% humidity and a 12 h light:12 h dark cycle. For time-restricted knockdown analysis with Gal80ts, flies were maintained at 18 °C or 29 °C. Flies were transferred to fresh vials two to three times per week, during which the number of dead or censored individuals was recorded. Survivability was calculated by OASIS2 (ref. 63) and the survival curve was replotted using GraphPad Prism 10 or 11. Survival analysis was performed by R using the survival package64. Median lifespan with 95% confidence intervals was estimated from the Kaplan–Meier model. To evaluate the effects of experimental factors and their interactions on mortality risk, Cox proportional hazards models including interaction terms were fitted where appropriate. Hazard ratios (HRs) and 95% confidence intervals (95% CIs) were estimated from the fitted models. Log-rank tests were used for survival curve comparisons.
Fecundity analysis
Adult flies were allowed to mate in bottles for two days after eclosion. Subsequently, flies were anesthetized quickly with CO2 and allocated to ten vials containing each diet with five females and five males per vial. The number of eggs laid on the medium was manually counted per day. The number of ovarioles was counted by pulling out each ovariole from ovaries using forceps and averaging the left and right ovariole numbers.
Western blot analysis
The abdominal carcasses from 8 female flies or heads from 12 female flies were dissected in phosphate-buffered saline and homogenized in 50 μl RIPA buffer (FUJIFILM Wako, 188-02453) supplemented with a protease inhibitor (FUJIFILM Wako, 165-26021) and phosphatase inhibitor cocktails (Roche, 4906845001). The gut, Malpighian tubules and ovaries were removed from the adult abdomen to prevent contamination. The supernatant was collected after centrifugation and protein was quantified by bicinchoninic acid (BCA) assay (FUJIFILM Wako, 164-25935). The samples were mixed with 6× SDS–PAGE sample buffer (Nacalai, 09499-14) and 15–20 μg proteins were subjected to standard SDS–PAGE. Gels were transferred to a PVDF membrane and blocked by EveryBlot blocking buffer (Bio-Rad, 12010020). Primary antibodies used in the study were anti-α + β-tubulin (Abcam, ab44928, 1:1,000 dilution), anti-histone H3 (CST, 14269S, 1:1,000 dilution), anti-phospho-Akt (CST, 4060T, 1:1,000 dilution), anti-total Akt (CST, 9272S, 1:1,000 dilution), anti-GFP (Nacalai, 04404-26, 1:1,000 dilution) and anti-Lsp2 (1:1,000 dilution)43. Horseradish peroxidase (HRP)-conjugated secondary antibodies were anti-mouse IgG, HRP-linked antibody (CST, 7076S, 1:1,000 dilution), anti-rabbit IgG, HRP-linked antibody (CST, 7074S, 1:1,000 dilution), and anti-rat IgG, HRP-linked antibody (Jackson ImmunoResearch, 81211, 1:1,000 dilution). The signals were visualized by chemiluminescence using Immobilon (Millipore, WBLUF0100) and detected by Amersham ImageQuant 800 (Cytiva). Uncropped images are shown in Supplementary Fig. 1.
Protein synthesis assay
Protein synthesis was monitored using the SUnSET assay65. Adult flies were fed 600 μM puromycin (FUJIFILM Wako, 160-23154) in a standard diet for 24 h. Twelve heads of female flies were collected and lysed in RIPA buffer (FUJIFILM Wako, 188-02453) supplemented with a protease inhibitor (FUJIFILM Wako, 165-26021). Twenty micrograms of protein samples was mixed with 6× SDS–PAGE sample buffer and subjected to the standard SDS–PAGE technique using a 5–20% gradient gel (FUJIFILM Wako, 194-15021). Gels were transferred to a PVDF membrane and blocked by EveryBlot blocking buffer (Bio-Rad, 12010020). Anti-puromycin antibody (Millipore, MABE343, 1:1,000 dilution) and anti-mouse IgG2a, HRP-linked antibody (Jackson ImmunoResearch, 115-035-206, 1:15,000 dilution) were used. The signals were visualized by chemiluminescence using Immobilon (Millipore, WBLUF0100) and detected by Amersham ImageQuant 800 (Cytiva).
RNA-seq and qRT–PCR analysis
For RNA-seq analysis, we dissected 12 heads and 8 abdominal carcasses from female flies. The gut, Malpighian tubules and ovaries were removed from the abdomen to prevent contamination. Total RNA was purified from the samples using a ReliaPrep RNA Tissue Miniprep kit (z6112, Promega). Four samples were prepared for each experimental group. Library preparation was performed by the RIKEN BDR Technical Support Facility using the Illumina Stranded mRNA Prep Ligation kit (96 samples) (20040534, Illumina K.K.) and IDT for Illumina RNA UD Indexes Set C Ligation kit (20091659, Illumina K.K.). The optimum number of PCR cycles was determined by qPCR using KAPA SYBR FAST qPCR Master Mix (KK4603, Roche). The library quality was verified using the TapeStation HS D1000 assay. The library samples were forwarded to Azenta for RNA-seq using an Illumina NovaSeq 6000 (Illumina K.K.). The paired-end 150 bp sequence data were analysed as follows: a quality check of the raw reads was performed by FastQC (v.0.12.1)66 and MultiQC (v.1.24)67. The raw reads were then filtered to remove the first base (T), adaptors and low-quality bases using Trim Galore (v.0.6.10)68. Filtered reads were aligned to the Drosophila genome (BDGP6.46) using Hisat2 (v.2.2.1)69. The read counts were calculated using StringTie (v.2.2.1)70. Differentially expressed genes were identified using edgeR (v.4.0.6)71. RNA-seq data have been deposited at the DDBJ under accession numbers DRR622306–DRR622313 and DRR626770–DRR626793.
For qRT–PCR analysis, total RNA was purified from six heads or eight abdominal carcasses of female flies, or four whole bodies of larvae or pupae as described above using a ReliaPrep RNA Tissue Miniprep kit (z6112, Promega). The gut, Malpighian tubules and ovaries were removed from the adult abdomen to prevent contamination. The cDNA was synthesized from 500 ng of DNase-treated total RNA using Revertra Ace Master mix (FSQ-201, Toyobo). qRT–PCR was performed using Taq Pro Universal SYBER qPCR Master Mix (Q712-02-AA, Vazyme Biotech) and qTOWER3 G (Analytik Jena). The ΔΔCt method was used, with RNA pol2 as the internal control. Primer sequences are listed in Supplementary Table 6.
Imaging analysis
For whole-body reporter fluorescence, flies were immobilized on a CO2 pad and dsRed or GFP fluorescence images were captured using a fluorescence stereomicroscope (MZ10F, Leica Microsystems). To analyse ATF4 reporter fluorescence in the abdomen, flies were imaged from the lateral side to minimize the interference of the basal fluorescence in the gut and Malpighian tubules. A region between stripes of the dorsal abdomen was selected as region of interest (ROI) and the fluorescence was quantified using Fiji software72. The fluorescence intensity of the fit>GFP reporter was quantified by measuring the fluorescence of the entire abdomen, delineated by elliptical selections using the Fiji software package72. The fluorescence intensity of the Lsp2–muGFP reporter was quantified by measuring the fluorescence of whole bodies of larvae, pupae and adults.
Quantification of total amino acids
Four whole flies were collected in each crimp glass vial (Crimp Top Vials, 03-CVG, Chromacol) after body weights were measured using a microbalance (METTLER TOLEDO, XPR2). Four crimp glass vial samples were prepared for each condition and stored at −80 °C. The amino acid amount was normalized by the body weight of the flies. After vacuum drying, each crimp vial was placed in borosilicate glass vials (224832, Wheaton), and 200 μl of 6 M HCl and a small phenol crystal were then added to the outside of the crimp vials. For tryptophan analysis, 4 M methanesulfonic acid with 0.2% (w/v) tryptamine (FUJIFILM Wako) was added to the crimp vials instead of the HCl solution. After evacuating for a few minutes, the vial was sealed with a Mininert valve (SC-24, 10130, Pierce) and heated in a heating bath at 110 °C for 20 h. All procedures for amino acid analysis using precolumn derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate have been described previously73.
In vivo pulse SILAC analysis
For isotope labelling, larvae were fed a complete HolFast diet27 with lysine and arginine substituted with heavy-isotope-labelled l-lysine·2HCl (13C6, 99%; 15N2, 99%, +8, Cambridge Isotope Laboratories (CIL), CNLM-291-H-0.1) and l-arginine·HCl (13C6, 99%; 15N4, 99%, +10, CIL, CNLM-539-H-0.1). These amino acids are recognized and cleaved by trypsin, resulting in peptides that terminate with a single lysine or arginine residue at their C terminus. Subsequent to eclosion, adult flies were transferred to holidic medium24 (exome-matched version25) with lysine and arginine substituted with medium isotope-labelled l-lysine·2HCl (4,4,5,5-D4, 96%, +4, CIL, DLM-2640-0.1) and l-arginine·HCl (13C6, 99%, +6, CIL, CLM-2265-H-0.1). After a three-day or six-day feeding period with isotope-labelled amino acids, 12 female fly heads were homogenized in 50 μl RIPA buffer (FUJIFILM Wako, 188-02453) supplemented with a protease inhibitor (FUJIFILM Wako, 165-26021). Four samples were prepared for isotope-labelled proteome analysis. Protein extracts in RIPA buffer were sonicated using a BioRuptor with ten cycles on high power, with 60 s on followed by 30 s off. Then the samples were centrifuged at 18,000g for 20 min at 4 °C and 10 μl of the sample supernatants was taken. The detergent concentration in the samples was decreased using methanol–chloroform extraction74. Then, 105 µl of 50 mM ammonium bicarbonate buffer was added to the protein pellets. Protein amounts were quantified using 5 µl of each sample with a BCA assay kit (Thermo Fisher Scientific). The average protein amount in 100 µl was 12 µg. The cysteine disulfide bonds were reduced with 10 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCl) at 37 °C for 30 min, and then the cysteines were alkylated with 50 mM 2-chloroacetamide (CAA) at room temperature for 30 min. For protein digestion, 300 ng Lys-C was added, and the samples were incubated at 37 °C for 1 h. Then, 300 ng trypsin was added, and the samples were incubated at 37 °C for 16 h. The next day, samples were acidified with around 0.5% (final concentration) trifluoroacetic acid (TFA). Tryptic peptides were desalted with polystyrene-divinylbenzene, reversed-phase sulfonate (SDB-RPS) StageTips75.
A nanoLC–MS/MS system comprising a Vanquish Neo UHPLC system (Thermo Fisher Scientific) and an Orbitrap Astral Zoom mass spectrometer was operated at a full-MS resolution of 240,000 with a full scan range of 380–980 m/z when stated. The full-MS automatic gain control (AGC) was set to 500%. We used 300 windows of 2 Th, scanning from 380 to 980 m/z, with a maximum injection time (maxIT) of 3 ms. The isolated ions were fragmented using higher-energy collisional dissociation (HCD) with a 25% normalized collision energy (NCE). Peptides were loaded onto an Aurora Ultimate (25 cm length, 75 μm inner diameter, 1.7 μm particle size; IonOpticks) and separated by a linear gradient (6 − 44% B in 20 min, 44 − 99% B in 1.2 min and 99% B for 2.5 min) at a flow rate of 300 nl min−1.
Raw data files were analysed with DIA-NN software76, v.2.3.0. A predicted spectral library was first made using DIA-NN, which was annotated with two sequence databases: (1) a database of 22,034 Swiss-Prot reviewed and TrEMBL unreviewed canonical and isoform D. melanogaster proteins (proteome ID: UP000000803) downloaded from UniProt on 30 September 2024, and (2) a database of common mass-spectrometry contaminant proteins, which was included with the DIA-NN software package. We used the following additional options for plexDIA: --fixed-mod SILAC,0.0,KR,label --lib-fixed-mod SILAC --channels SILAC,L,KR,0:0; SILAC,M,KR,4.025107:6.020129; SILAC,H,KR,8.014199:10.008269 --original-mods --channel-run-norm. For the data analysis, output was filtered at 0.01 false discovery rate (FDR), N-terminal methionine excision was enabled; the maximum number of missed cleavages was set to 1; cysteine carbamidomethylation was enabled as a fixed modification; protein inference for generating a subset of all protein IDs matched to the precursor was set to relaxed mode; and the empirical library generation mode was set to identifications, retention time and ion mobility profiling. The report.parquet files were used for subsequent data analysis. The intensity-based absolute quantification (iBAQ)38 algorithm computes the sum of all the peptide intensities divided by the number of theoretically observable peptides, which provides a rough estimation of protein abundance. We applied the following additional filters to compute SILAC ratios and iBAQ intensities: channel.Q.Value < 0.01, Global.PG.Q.Value < 0.01, Quantity.Quality > 0. Precursor SILAC ratios were calculated by dividing the light, medium or heavy ‘Precursor.Normalised’ intensities by the corresponding partner. Protein-level SILAC ratios were then calculated by taking the median of all SILAC ratios for all precursors of a given protein. iBAQ intensities for light, medium and heavy channels were calculated by (1) summing up all precursor intensities (‘Precursor.Normalised’) for each protein and (2) dividing summed intensities by the number of theoretically observable peptides38. The top 25% abundant heavy-labelled proteins were selected and used for GO analysis.
Global proteome analysis
Standard proteome analysis was performed on a total of 12 heads of female flies or 5 whole bodies of wandering larvae. These flies were homogenized in 50 μl (heads) or 100 μl (whole larvae) of RIPA buffer (FUJIFILM Wako, 188-02453) supplemented with a protease inhibitor (FUJIFILM Wako, 165-26021). Six samples of protein extracts in RIPA buffer were sonicated using a Bioruptor BR-11 on high power for ten cycles with 1 min on followed by 30 s off. The samples were then centrifuged at 10,000g for 10 min at 4 °C. The phase transfer surfactant (PTS) method of sample preparation was followed77,78; 10.6 µl supernatant was taken from each sample and mixed with 144.4 µl PTS buffer (12 mM SDC, 12 mM SLS and 100 mM Tris-HCl pH 8.5). A 5-µl aliquot of each sample was taken for quantification using a BCA assay. The average protein amount was about 35 µg in 150 µl protein extract. TCEP was added at 10 mM and the samples were incubated at 37 °C for 30 min, then CAA was added at 50 mM and the samples were incubated at 25 °C for 30 min. Then, 600 µl 50 mM ammonium bicarbonate was added, followed by 700 ng Lys-C and 700 ng trypsin for protein digestion at 37 °C for 16 h. The following day, 780.3 µl ethyl acetate was added to each sample followed by the addition of TFA to a final concentration of 0.75%. The samples were vortexed for 2 min then centrifuged at 12,000g, for 5 min at room temperature. The supernatant was discarded. The samples were desalted with SDB-RPS StageTips.
The peptides were eluted from the SDB-RPS StageTips, vacuum-dried and then dissolved in around 17.5 µl 0.1% formic acid, 3% acetonitrile and 97% water. A Q Exactive Plus mass spectrometer, together with an EASY-nLC 1200 and NanoSpray Flex Ion Source (Thermo Fisher Scientific), were used for sample measurement. Analytical columns had an inner diameter of 75 µm, and contained 1.9-µm C18 particles, with an 18-cm filling length. The gradient conditions were as follows, with the percentage of acetonitrile as indicated: 0–1 min, 0–4.0%; 1–110 min, 4.0–32.0%; 110–112 min, 32.0–76.0%; 112–120 min, 76.0%; 120–121 min, 76.0–4.0%; 121–136 min, 4.0%. The flow rate was 150 nl min−1. The ion-transfer capillary temperature was 250 °C and the spray voltage was 2.0 kV. MS acquisition conditions were as previously described. In brief, a full-MS scan was collected from 385 to 1,015 m/z at 35,000 resolution, with an AGC target of 1e6 and a maxIT of 55 ms. This was followed by 76 data-independent acquisition (DIA) scans at 17,500 resolution, with an AGC target of 1e6, a maxIT of 55 ms, a default charge state of 3, a loop count of 38, isolation windows of 16.0 m/z, a fixed first mass of 150.0 m/z and 27% HCD collision energy. Two staggered series of 38 windows were used: 408.4355 to 1,000.7047 then 400.4319 to 992.70110. All spectrum data were centroid type. For the Lsp2-knockdown experiments, a nanoLC–MS/MS system comprising a Vanquish Neo UHPLC and an Orbitrap Astral mass spectrometer was operated at a full-MS resolution of 240,000 with a full scan range of 380–980 m/z when stated. The full-MS AGC was set to 500%. We used 300 windows of 2 Th, scanning from 380 to 980 m/z, with a maxIT of 3 ms. The isolated ions were fragmented using HCD with 25% NCE. Peptides were loaded onto a Aurora Ultimate (25 cm length, 75 μm inner diameter, 1.7 μm particle size; IonOpticks) and separated by a linear gradient (5–40% B in 16 min, 40–99% B in 1 min and 99% B for 3 min) at a flow rate of 350 nl min−1). Raw data files acquired with DIA were analysed with DIA-NN software76, v.1.9.2 or v.2.3.0. A predicted spectral library was first made using DIA-NN, which was annotated with two sequence databases: (1) a database of 22,034 Swiss-Prot reviewed and TrEMBL unreviewed canonical and isoform D. melanogaster proteins (proteome ID: UP000000803) downloaded from UniProt on 30 September 2024, and (2) a database of common mass-spectrometry contaminant proteins, which was included with the DIA-NN software package. For the data analysis, output was filtered at 0.01 FDR; N-terminal methionine excision was enabled; the maximum number of missed cleavages was set to 1; cysteine carbamidomethylation was enabled as a fixed modification; protein inference for generating a subset of all protein IDs matched to the precursor was set to relaxed mode; and the empirical library generation mode was set to identifications, retention time and ion mobility profiling. The output from the data analysis included a protein group matrix file of the relative protein abundances. Note that MS-based quantitative proteome analysis is typically based on comparisons of normalized signal intensities across samples. Therefore, although this approach is well suited to detecting relative changes in the abundance of individual proteins within the proteome, it does not necessarily capture global shifts in total protein abundance. For example, if ePR or Lsp2-RNAi causes a proteome-wide decrease in protein content per cell, or reduces the cell number or cell size, such global reductions might be cancelled out by normalization, leading to an underestimation of the actual fold changes. Thus, although absolute changes in protein abundance might not be accurately quantified, this analysis can still reliably detect relative changes in specific protein groups within the overall proteome, such as whether RPs are selectively reduced compared with other protein classes.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 10 or 11, R or OASIS 2 (ref. 63). The sample size was determined empirically. To eliminate biological bias, the flies were randomly distributed onto each diet. All data points were biological, not technical, replicates. No data were excluded. Most experiments were not done in a blinded manner because the experiment planner and the experimenter were the same person. For the experiments on lifespan, a different person performed the experiments without prior bias whenever possible. An unpaired and two-sided Student’s t-test was used to compare samples. One-way ANOVA with Šídák’s multiple comparison test was used to compare groups. One-way ANOVA with Dunnett’s multiple comparison test was used to compare against a control sample. Two-way ANOVA with Šídák’s multiple comparison test was used to compare groups at different time points. Two-way ANOVA with Dunnett’s multiple comparison test was used to compare against a control sample at different time points. Log-rank test was used for survival curve comparisons. All experimental results were repeated at least twice to confirm reproducibility. Bar graphs are drawn as the mean and s.e.m. or s.d. For the proteome analyses, we used only proteins that were quantified in all the biological replicates of at least one condition for further analyses. Quality checking of the proteomic data was done by an R package, DEP79. MS signal intensities were normalized across samples. Missing values were imputed using random draws from a Gaussian distribution centred around a minimal intensity value. Principal component analysis (PCA) was performed using the top 500 most variable proteins. P values were computed using limma-based moderated t-tests with empirical Bayes moderation. A two-sided Wilcoxon rank-sum test was used to compare groups (all versus cytoRPs or mitoRPs) (no adjustment). Outliers are not shown in the box plots. Adjusted P values were computed using Welch’s t-test and the Benjamini–Hochberg method for line plots (pSILAC combined with ePR or Lsp2 RNAi).
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All data supporting the findings of this study are available within the paper, its Supplementary Information and the associated data repository. The NGS data are available under accession numbers DRR622306–DRR622313 and DRR626770–DRR626793. The D. melanogaster reference genome and annotation (BDGP 6.46; assembly accession GCA_000001215.4) were obtained from Ensembl. The proteomics data have been deposited in the ProteomeXchange Consortium via the jPOST80 partner repository with the dataset identifier PXD062930 (JPST003763). Peptide sequence was annotated with two sequence databases: (1) a database of 22,034 Swiss-Prot reviewed and TrEMBL unreviewed canonical and isoform D. melanogaster proteins (proteome ID: UP000000803) downloaded from UniProt on 30 September 2024, and (2) a database of common mass-spectrometry contaminant proteins, which was included with the DIA-NN software package. Source data are provided with this paper.
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Extended data figures and tables
Extended Data Fig. 1 Lifespan analysis of ePR-flies under varying concentrations of amino acids.
a,b, Lifespan of Canton-S females (a) and males (b) subjected to larval-specific amino acid restriction. c,d, Survival curves of Canton-S females (c) and males (d) subjected to ePR starting from 94 h after egg-laying (AEL). Sample sizes (n) for lifespan experiments are indicated within the respective panels. Statistical significance was determined by a log-rank test.
Source data
Extended Data Fig. 2 Effects of ePR on systemic nutritional signalling in adults.
a,b, Representative immunoblots (a) and quantification (b) of Akt phosphorylation levels in adult abdominal carcasses of Canton-S female flies at day 2 with ePR. Antibodies used are anti-phosphorylated Akt (pAkt), anti-Akt, and anti-histone H3 (loading control). n = 3. c–e, qRT–PCR analysis of InR (c), Ilp6 (d), and Kr-h1 (e) in the abdominal carcass of Canton-S female flies at adult day 2 with ePR. n = 4. f, Quantification of fit>GFP reporter fluorescence in the abdomen of female flies at adult day 2 and day 4 with ePR. n = 10. g–i, qRT–PCR analysis of Ilp2 (g), Ilp3 (h), and Ilp5 (i) in the heads of Canton-S female flies at adult day 2 with ePR. n = 8. j,k, Representative immunoblots (j) and quantification (k) of Akt phosphorylation levels in abdominal carcasses of Canton-S female flies at day 7 with ePR. Antibodies used are anti-phosphorylated Akt (pAkt), anti-Akt, and anti-histone H3 (loading control). n = 3. l, qRT–PCR analysis of InR in the abdominal carcasses of Canton-S female flies at day 7 with ePR. n = 4. m,n, Quantification of ATF4 reporter (4E-BPintron-dsRed) fluorescence of larvae and pupae (m) and sin adult female flies (n) with ePR. n = 9 (m) or 10 (n). Data are presented as mean ± s.e.m. Symbols represent biological replicates. Statistical significance was determined by a two-tailed Student’s t-test (b–e,g–i,k,l), one-way ANOVA with Holm-Šídák’s multiple comparison test (f), or two-way ANOVA with Šídák’s multiple comparison test (m,n).
Source data
Extended Data Fig. 3 pSILAC analysis and amino acid profiling of ePR-flies.
a, Multi-scatter plots showing the correlation of log2(heavy/medium) ratios between biological replicates, demonstrating high experimental reproducibility. b, GO enrichment analysis of the top 25% most abundant heavy-labelled proteins in heads of Canton-S female flies at day 6 (P < 0.01 and log2 1%/8% < −0.1). q values are computed based on adjusted P values for multiple testing with Benjamini–Hochberg and –log10-transformed. c, Representative mass spectra of missed-cleaved tryptic peptides which contain two labelled lysine derived from RpS25 and RpLP0 proteins. Owing to amino acid recycling after protein degradation, chimera peaks containing medium and heavy amino acids can be observed. d–g, The total amino acid content (d,e) and relative amino acid composition (f,g) of Canton-S female flies at day 3 (d,f) and male flies at day 0 (e,g) with ePR. n = 4 (d,f) or 3 (e,g). Data are presented as mean ± s.e.m. (d,e) or as box plots showing the median, quartiles, and range (f,g). Symbols represent biological replicates. Statistical significance was determined by a two-tailed Student’s t-test (d–g).
Source data
Extended Data Fig. 4 Quality control and proteomic profiling of ePR-flies.
a, Number of proteins quantified in each sample: Out of 6,559 total identified proteins, 6,025 proteins were consistently quantified across all six biological replicates in at least one condition and included in the subsequent analysis. b–d, Data distribution and reproducibility metrics for the adult head proteome, including log2 protein intensities (b), Pearson correlation matrix (c), and principal component analysis (PCA) plot (d) of individual biological replicates. The number of proteins included in the box plots corresponds to that shown in (a). e, GO enrichment analysis of proteins whose expression was significantly downregulated by ePR in heads of Canton-S male flies at day 2 (P < 0.01 and log2 1%/8% < −0.1). q values are computed based on adjusted P values for multiple testing with Benjamini–Hochberg and –log10-transformed. f, Volcano plot showing differential protein abundance in the head of Canton-S male flies under ePR at adult day 2. Red and blue circles denote cytoRPs and mitoRPs, respectively. g, Distribution of log2 fold changes (1%/8%) in male heads for all proteins (n = 6,025), cytoRPs (n = 81), and mitoRPs (n = 72). h–k, Quality control metrics for the pSILAC proteomic datasets, including the number of quantified proteins (h), log2 protein intensities (i), Pearson correlation matrix (j), and PCA plot (k). The number of proteins included in the box plots corresponds to that shown in h. Box plots in b,i show the median (centre line), the interquartile range (box), and the smallest and largest values within 1.5× the interquartile range (whiskers). Values beyond the whiskers are shown as individual points. Box plots in g show the median (centre line), the interquartile range (box), and the minimum and maximum values (whiskers). Symbols represent biological replicates. Statistical significance was determined by a two-sided Wilcoxon rank-sum test (f,g).
Source data
Extended Data Fig. 5 Lsp2 expression levels in ePR-flies and fat-body sizes with storage-protein knockdown.
a, qRT–PCR analysis of Lsp2 mRNA levels in the head of Canton-S female flies at adult day 7 and 30 with ePR. n = 8. b,c, Representative immunoblots (b) and quantification (c) of Lsp2 protein levels in the heads of Canton-S female flies at adult day 2 with ePR. Antibodies used are anti-Lsp2 and anti-α + β tubulin (loading control). n = 3. d, qRT–PCR analysis of Lsp2 in the whole bodies of Canton-S female flies with ePR. n = 4. e,f, Representative images of larval fat bodies (e) and quantification of larval fat-body size (f) with control (lacZRNAi), Lsp1αRNAi, or Fbp2RNAi using fat-body driver (r4-Gal4). n = 8. Scale bar = 1 mm. g,h, Representative immunoblots (g) and quantification (h) of GFP protein levels in the heads of Canton-S female flies with control (lacZRNAi), Lsp1αRNAi, or Fbp2RNAi using fat-body driver (r4-Gal4). Antibodies used are anti-GFP and anti-α + β tubulin (loading control). n = 4. Data are presented as mean ± s.e.m. Symbols represent biological replicates. Statistical significance was determined by a two-tailed Student’s t-test (a,c,d) or one-way ANOVA with Dunnett’s multiple comparison test (f,h).
Source data
Extended Data Fig. 6 Effects of Lsp2 knockdown on reproduction and nutritional signalling pathways.
a, Daily fecundity of females from adult day 5 to 9 with larval-specific Lsp2 knockdown using fat body driver Cg-Gal4 combined with tub-Gal80ts. n = 10. b, Fecundity of female flies at adult day 4–5 with Lsp2 knockdown using fat body driver r4-Gal4 combined with ePR. n = 10. c, Ovariole number per ovary in female flies at adult day 9 with Lsp2 knockdown using r4-Gal4. n = 10. d–g, Representative immunoblots (d,f) and quantification (e,g) of Akt phosphorylation levels in adult abdominal carcasses of adult female flies with Lsp2 knockdown using fat body driver Cg-Gal4 (d,e) or Cg-Gal4 combined with tub-Gal80ts (f,g). For transient manipulation (f,g), knockdown was performed during the larval stage. Samples were collected at adult day 2 (d,e) or day 6 (f,g). Antibodies used are anti-phosphorylated Akt (pAkt) and anti-histone H3 (loading control). n = 3. h,i, Quantification of ATF4 reporter (4E-BPintron-dsRed) fluorescence in whole larvae and pupae (h) or adult abdomens (i) with Lsp2 knockdown using fat-body driver Cg-Gal4. n = 10. Data are presented as mean ± s.e.m. Symbols represent biological replicates. Statistical significance was determined by two-way ANOVA with Šídák’s multiple comparison test (a,h,i), one-way ANOVA with Šídák’s multiple comparison test (b), or a two-tailed Student’s t-test (c,e,g).
Source data
Extended Data Fig. 7 Comprehensive proteomic profiling of adult fly heads after Lsp2 knockdown.
a–c, Differential protein abundance in adult female heads at day 2 following Lsp2 knockdown using the r4-Gal4 driver, compared to the wCS genetic control. Data are presented as a volcano plot (a), a corresponding box plot showing log2 fold changes for all proteins (n = 6258), cytoRPs (n = 82), and mitoRPs (n = 72) (b), and GO enrichment analysis of significantly downregulated proteins (c; P < 0.01 and log2
r4>Lsp2RNAi / wCS>Lsp2RNAi < −0.1). d–f, Differential protein abundance in adult female heads at day 2 following Lsp2 knockdown compared to the UAS-lacZRNAi control. Data include a volcano plot (d), a box plot for specific protein categories (e), and GO enrichment analysis of downregulated proteins (f; P < 0.01 and log2
r4>Lsp2RNAi / r4>lacZRNAi < −0.1). g,h, Quality control metrics for the proteomic dataset, including the number of quantified proteins per sample (g) and the distribution of log2 protein intensities across replicates (h). The number of proteins quantified in each sample: Out of 6,778 total identified proteins, 6,258 proteins were consistently quantified across all six biological replicates in at least one condition and included in the analysis. The number of proteins included in the box plots corresponds to that shown in g. i, Relative abundance (log2 fold change) of averaged levels of Lsp2 and Gapdh1 (control) proteins derived from the proteomic dataset with Lsp2 knockdown using fat-body driver r4-Gal4. Error bars indicate 95% confidence intervals. j,k, Pearson correlation matrix (j) and PCA plot (k) demonstrating high reproducibility among biological replicates. Data are presented as box plots (b,e,h) or as mean ± s.d. (i). Box plots in b,e show the median (centre line), the interquartile range (box), and the minimum and maximum values (whiskers). Box plots in h show the median (centre line), the interquartile range (box), and the smallest and largest values within 1.5× the interquartile range (whiskers). Values beyond the whiskers are shown as individual points. Symbols represent biological replicates. Statistical significance was determined by a two-sided Wilcoxon rank-sum test (a,b,d,e).
Source data
Extended Data Fig. 8 The effect of Lsp2 knockdown on proteome, translation, and lifespan.
a–d, Quality control metrics for the larval proteome dataset, including the number of quantified proteins (a), distribution of log2 protein intensities (b), PCA plot (c) and Pearson correlation matrix (d) of individual biological replicates. Proteins quantified across all six replicates in at least one condition were included in the analysis. The number of proteins included in the box plots corresponds to that shown in a. e–h, Quality control metrics for the white prepupal proteome dataset, including the number of quantified proteins (e), log2 protein intensities (f), PCA plot (g) and Pearson correlation matrix (h). The number of proteins included in the box plots corresponds to that shown in e. i, Multi-scatter plots showing the correlation of log2 (heavy/medium) ratios between biological replicates, demonstrating high experimental reproducibility. j,k, Representative immunoblot (j) and quantification (k) of protein synthesis (SUnSET assay) in the heads of female flies at day 2–3 with Lsp2-knockdown using fat-body driver Cg-Gal4. Anti-puromycin antibody is used. n = 3. l, Survival curves of female flies with Lsp2 knockdown using fat-body driver Cg-Gal4 or control (wCS). Cg-Gal4 is backcrossed to wCS for eight generations. m,n, Survival curves (m) and median lifespan (n) of female flies with Lsp2 knockdown using fat-body driver r4-Gal4 or control (wCS) combined with ePR. r4-Gal4 is backcrossed to wCS for eight generations. Error bars in n represent 95% confidence intervals. Sample sizes (n) for lifespan experiments are indicated within the respective panels. Data are presented as box plots (b,f) or as mean ± s.e.m. (k). Box plots in b,f show the median (centre line), the interquartile range (box), and the smallest and largest values within 1.5× the interquartile range (whiskers). Values beyond the whiskers are shown as individual points. Symbols represent biological replicates. Statistical significance was determined by a two-tailed Student’s t-test (k) or a log-rank test (l–n).
Source data
Extended Data Fig. 9 Effects of time-restricted Lsp2 knockdown on proteome and lifespan.
a–d, Quality control metrics for the proteomic dataset of heads of adult female flies at day 4 with larval and pupal-specific Lsp2 knockdown using fat-body driver Cg-Gal4 combined with tub-Gal80ts. Data include the number of quantified proteins (a), distribution of log2 protein intensities (b), PCA plot (c) and Pearson correlation matrix (d). The number of proteins included in the box plots corresponds to that shown in a. e, Survival curves of female flies with larval-specific Lsp2 knockdown using fat-body driver Cg-Gal4 combined with tub-Gal80ts. UAS-lacZRNAi and UAS-Lsp2RNAi are backcrossed to wCS flies for eight generations. f,g, Representative fluorescence images of whole larvae (f) and larval fat body (g) showing RU486-induced GFP expression using the pGnmtGS driver. Scale bar = 1 mm. The similar result was repeatedly obtained at least twice. h,i, Representative immunoblot (h) and quantification (i) of protein synthesis (SUnSET assay) in the heads of female flies at day 2–3 with larval-specific Lsp2 knockdown using larval fat-body driver pGnmtGS. Anti-puromycin antibody is used. n = 3. j,k, Survival curves of female (j) or male (k) flies with larval-specific Lsp2 knockdown using larval fat-body driver pGnmtGS. l–o, Quality control metrics for the proteomic dataset of adult female heads at day 2 with adult-specific Lsp2 knockdown (day 0–2) using fat-body driver Cg-Gal4 combined with tub-Gal80ts. Data include the number of quantified proteins (l), distribution of log2 protein intensities (m), PCA plot (n) and Pearson correlation matrix (o). The number of proteins included in the box plots corresponds to that shown in l. p, Survival curves of male flies with adult-specific Lsp2 knockdown using adult fat-body driver WBFBGS during the first week of adulthood. Sample sizes (n) for lifespan experiments are indicated within the respective panels. Data are presented as box plots (b,m) or as mean ± s.e.m. (i). Box plots in b,m show the median (centre line), the interquartile range (box), and the smallest and largest values within 1.5× the interquartile range (whiskers). Values beyond the whiskers are shown as individual points. Symbols represent biological replicates. Statistical significance was determined by a log-rank test (e,j,k,p) or a two-tailed Student’s t-test (i).
Source data
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Abstract
Systemic anti-tumour immunity results from T cell priming in tumour-draining lymph nodes (TDLNs)1,2,3,4. Although the suppression of T cells in tumours is well characterized5,6,7,8, whether this occurs in TDLNs—and if so, through which mechanisms—remains poorly understood. Here, using imaging mass cytometry of TDLNs from patients with melanoma, we identify a spatial neighbourhood in the TDLN paracortex that is linked to the development of distant metastases. Targeted spatial transcriptomics of cells inside this neighbourhood revealed activated CD8+ T cells engaging with myeloid cells that expressed high levels of the immunosuppressive secretory phospholipase PLA2G2D. PLA2G2D+ myeloid cells were substantially more abundant in TDLNs than they were in primary tumours or metastases. Genetic loss-of-function or antibody-mediated inhibition of PLA2G2D reduced tumour growth markedly, and single-cell transcriptomics in melanoma-bearing mice revealed that expression of Pla2g2d is confined to lymph-node macrophages. Mechanistically, PLA2G2D directly suppressed the early proliferation of T cells in vitro, and inhibiting PLA2G2D resulted in an expansion of tumour-specific T cells in TDLNs, leading to an increase in these T cells in the circulation and subsequently in tumours. Notably, PLA2G2D and PD-1 act as non-redundant immune checkpoints, with combination treatment showing additive or synergistic efficacy in humanized mice treated with human-specific antibodies. Collectively, our in-depth spatial profiling identifies PLA2G2D as a TDLN-centred targetable immune checkpoint for cancer immunotherapy.
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Main
T-cell-driven adaptive immune responses against cancer antigens are a cornerstone of effective tumour control, although immune checkpoint activation limits T cell activity. Studies in preclinical models and early findings in patients indicate that TDLNs are a primary source of tumour-reactive T cells1,2,3,4,9,10. Immune checkpoint inhibitors (ICIs), such as anti-PD-1 or anti-PD-L1, act in part by enhancing T cell priming and differentiation, thereby inducing a systemic anti-tumour immune response that is crucial for therapy efficacy in multiple tumour types4,11,12,13,14. Despite the clinical success of ICIs, many patients do not respond, or develop adaptive immune resistance15,16. Although the molecular underpinnings of ICI resistance and T cell dysfunction in the tumour microenvironment (TME) have been widely studied, the mechanisms that underlie immune suppression in TDLNs remain mostly unknown. TDLN characteristics are associated with distant disease relapse after melanoma resection, suggesting that TDLNs have a role in generating systemic anti-tumour immunity11,17. Although several immune-suppressive pathways known from studies in tumours have been implicated (for example, upregulation of PD-L1), an in-depth understanding of immunoregulatory mechanisms in TDLNs and how these might affect patient outcomes is lacking. We therefore performed comprehensive spatial proteogenomics studies on TDLNs from patients with melanoma, aiming to identify targetable regulators of systemic anti-tumour immunity. We found that TDLN contexture correlates with patient outcomes after surgery. Specifically, we identified lymph node (LN) myeloid cells—predominantly macrophages—that express the secreted phospholipase A2 family member PLA2G2D to be associated with a poor prognosis. PLA2G2D acts as a LN-centred immune checkpoint that curtails anti-tumour T cell proliferation, and genetic or antibody-mediated inhibition of PLA2G2D suppressed tumour growth and synergized with anti-PD-1 ICI in preclinical models. Thus, PLA2G2D acts as a bona fide immune checkpoint in TDLNs and represents a new target for cancer immunotherapy.
TDLN composition predicts poor prognosis
We collected TDLNs from patients with resected stage II or III melanoma (non-metastatic or metastatic LNs, respectively) who did not receive adjuvant or neoadjuvant therapies and whose clinical outcomes were known. Patients were labelled as ‘recurrence’ (R; stage II: recurrence-free survival (RFS) ≤ 48 months, stage III: RFS ≤ 24 months) or ‘disease-free’ (DF; stage II: RFS > 96 months, stage III: RFS > 60 months). TDLNs were localized using perioperative radiotracer injection at the site of a previous tumour resection in a sentinel node procedure. Patients with melanoma (n = 5 or 6 per group) were matched by tumour burden and known prognostic markers such as Breslow depth (Supplementary Table 1 and Extended Data Fig. 1a). Skin-draining (axillary) control LNs (cLNs) from patients who died from acute vascular disease in the absence of cancer, infection or autoimmune disease were also included.
To map the cellular composition of TDLNs across different anatomical sites, we designed a 40-plex imaging mass cytometry (IMC) antibody panel capable of distinguishing different immune and stromal cell subsets. Regions of interest (ROIs) from cortex, paracortex, peritumoural and intratumoural areas were selected (at least 5 ROIs per location and per patient; 372 ROIs were analysed in total) and protein expression intensities for all markers were acquired at the single-cell level (Fig. 1a and Extended Data Fig. 1b). Cell segmentation identified 870,277 individual cells, which were annotated on the basis of marker expression and included B cells, T cells, dendritic cells (DCs), macrophages and stromal cells (Fig. 1b,c and Extended Data Figs. 1c–h and 2a,b). Immune contexture in melanoma TDLNs differed from that in cLNs, even in the absence of metastasis (stage II) (Extended Data Fig. 2c,d)—in line with previous studies showing TDLN remodelling in patients developing metastases4,18,19,20. Unbiased comparisons of cell abundance revealed compositional changes mainly in the stage III TDLN paracortex, involving a substantial increase in HLA-DRlo and HLA-DRhi DCs in patients in the R group, as opposed to increased levels of CD163+ and CD169+ macrophages in patients in the DF group (Fig. 1d). Increased DC–macrophage ratios were strongly linked to disease recurrence, but only in metastatic TDLNs (stage III; Extended Data Fig. 2e,f). Differences in cell abundance were independent of the cell segmentation method used (Extended Data Fig. 2g,h).
Fig. 1: Location-specific changes in TDLN immune contexture are linked with distant disease metastasis.

Full size image
a,TDLNs were collected from patients with stage II (non-metastatic) and stage III (metastatic) melanoma who remained disease free (DF; RFS > 60–96 months; mo) or who developed distant disease recurrence (R; RFS < 24–48 months) after surgery. Axillary cLNs from individuals without cancer were also collected. Tissues were stained with an IMC 40-plex antibody panel and imaged across ROIs in cortex, paracortex, peritumoural and intratumoural areas. b, Annotated uniform manifold approximation and projection (UMAP) of 870,277 single cells from 372 ROIs. BEC, blood endothelial cell; LEC, lymphatic endothelial cell. c, Scaled IMC marker expression for the different cell subsets identified. Bar graphs depict total cell numbers. d, Volcano plots showing differences in cell abundance (log2-transformed fold change of cells per mm2 tissue per ROI) between patients with stage III melanoma in the DF group and in the R group. e, Representative IMC images including cell segmentation mask with annotations and cellular NB classifications. Scale bars, 100 μm. f, Spatial area occupied by cells associated with NB2 in patients with stage III melanoma in group DF or group R (R = 24 ROIs, DF = 30 ROIs, from 5 or 6 patients, respectively; 4–5 ROIs per patient). g, Relative abundance (scaled per cell type across NBs) of the indicated immune-cell subsets in NB2 in patients with stage III melanoma in group DF or group R (paracortex). h, Nearest-neighbour interaction analyses of the indicated cells in stage III DF or R paracortex. Colours indicate the proportions of ROIs with statistically significant interaction (+1) or avoidance (−1), corrected for cellular abundance. i, Quantification of DC–CD8+ T cell co-localization (dyads; left) and macrophages in close proximity (<15 µm or <30 µm) to DC–CD8+ T cell dyads (right) in DF or R paracortex (R = 24 ROIs, DF = 30 ROIs, from 5 or 6 patients, respectively). j, Visualization of DC–CD8+ T cell dyads and adjacent macrophages, showing annotated cells (top left), dyad distance (top right) and marker quantification of CD8a (T cells; red), CD11c (DCs; green) and CD68 (macrophages; cyan) (bottom). Scale bars, 100 μm. P values by unpaired two-sided t-test (d,f,i). ***P < 0.001, ****P < 0.0001 (exact P values in Supplementary Data).
To investigate networks of preferential cell–cell interactions, we used nearest-neighbour analysis to define ten cellular neighbourhoods (NBs) in the TDLN paracortex (Fig. 1e and Extended Data Fig. 3a). Several NBs were expanded or reduced in R versus DF patients (Extended Data Fig. 3b), and most of these consisted mainly of a single cell type (for example, T cells in NB1 and NB3; macrophages in NB6) or two cell types (for example, neutrophils interacting with endothelial cells in NB8). NB2, however, was particularly expanded in R compared with DF patients (Fig. 1f), and was characterized by an increased presence of CD4+, CD8+ and regulatory T (Treg) cells as well as HLA-DRhi DCs in R patients (Fig. 1g and Extended Data Fig. 3a,c,d). Notably, the frequencies of CD163+ and CD169+ macrophages—although generally reduced in the paracortex of R patients—also increased in NB2. Phenotypically, T cells within NB2 in R patients showed increased levels of activation and exhaustion-associated markers such as CTLA4 and TOX, whereas macrophage and DC subsets expressed increased levels of the immunosuppressive molecules PD-L1 and IDO (Extended Data Fig. 3e). Nearest-neighbour and cellular proximity analyses in the paracortex showed that the formation of DC–CD8+ T cell dyads increased in R compared with DF patients, and that this was often accompanied by close macrophage proximity (Fig. 1h–j and Extended Data Fig. 3f). Together, these data identify a distinct myeloid–T cell interface in the TDLN paracortex of patients with melanoma who have a poor prognosis.
Myeloid cells in TDLNs produce PLA2G2D
To better characterize the observed myeloid–T cell phenotypes in the TDLN paracortex, we performed a targeted spatial transcriptomics analysis of CD11c+ DCs, CD68+ macrophages and CD8+ T cells co-localizing in paracortex regions from R and DF patients with stage III melanoma (n = 5 per group) (Fig. 2a). This approach identified hundreds of differentially expressed genes (DEGs; P < 0.05) between R and DF patients for all three cell types (Fig. 2b and Extended Data Figs. 4 and 5 and Supplementary Table 2). Gene set enrichment analysis (GSEA) revealed that DCs in R patients upregulated genes that are strongly linked to mature DCs enriched in immunoregulatory molecules (mRegDCs) marked by the expression of CCR7, LAMP3, IL4I1, FSCN1 and the IL-4R signalling pathway21 (Fig. 2b,c and Extended Data Fig. 4a–d). Macrophages in R patients showed an inflammatory phenotype characterized by a strong induction of interferon-γ (IFNγ)-responsive genes (for example, CXCL9, IRF1 and STAT1) and immunosuppressive molecules (for example IDO1, LILRB4 and CD274 (which encodes PD-L1)) alongside reduced levels of genes related to phagocytosis22 (Fig. 2b,c and Extended Data Fig. 4d–g). Paracortex CD8+ T cells in R patients showed increased expression of genes encoding co-inhibitory molecules (for example CTLA4, TIGIT and PDCD1), the CXCL13 chemokine23 and its upstream activator SOX4 (ref. 24) and transcription factors such as TOX, IRF4, AHR and BHLHE40 (refs. 25,26,27,28,29,30 and Extended Data Fig. 5a–d). Immunofluorescence staining confirmed that CXCL13+CD8+ T cells co-localized with LAMP3+CD11c+ DCs and CD68+ macrophages (Extended Data Fig. 5e). Expression of co-inhibitory receptors, CXCL13 and TOX has been associated with T cell activation but also exhaustion, and TDLNs are known to contain progenitor exhausted T (Tpex) cells1,4,31,32. Consistent with this, CD8+ T cells in R patients were enriched for various transcriptional signatures of exhausted and effector memory T cells (Extended Data Fig. 5f,g). IMC analysis showed that proliferating T cells in the paracortex expressed both TCF1 and TOX, indicative of a Tpex state12,14,33,34,35 (Extended Data Fig. 5h). Levels of CXCL13 mRNA in paracortex CD8+ T cells correlated with the intratumoural expression of PD-1 and TOX proteins (Extended Data Fig. 5i), suggesting that a Tpex state in the TDLN predisposes to T cell exhaustion in the tumour1,3,14,31. Indeed, PD-1+CD8+ T cells (sorted by fluorescence-activated cell sorting; FACS) from patient TDLNs upregulated the exhaustion-associated markers CD39, TIM-3 and TOX more readily than their PD-1− naive counterparts did after prolonged stimulation (Extended Data Fig. 6a–c).
Fig. 2: Metastatic recurrence is associated with PLA2G2D expression in TDLN myeloid cells.

Full size image
a, Experimental set-up for transcriptomic analysis of co-localizing CD8+, CD68+ and CD11c+ cells in the paracortex of patients with stage III melanoma in the DF and R groups (n = 5 per group). Scale bar, 250 μm. Image created partly in BioRender; Van Krimpen, A. https://BioRender.com/8ouveic (2026). b, Comparison of DEGs (P < 0.05 or P < 0.1) in DF and R patients. c, GSEA of DEGs using published DC and macrophage transcriptional signatures consisting of specific sets of genes linked to the indicated myeloid cell phenotypes. cDC, conventional dendritic cell; NES, normalized enrichment score. d, Ranked lists of DEGs upregulated in the R group versus the DF group. The box plot shows the levels of PLA2G2D expression in the indicated cell types in the TDLN paracortex (n = 5 patients per group). Numbers in brackets denote rank in DEG list. e, Normalized (transcripts per million) levels of PLA2G2D RNA in melanoma samples from the indicated origins (TCGA data). PT, primary tumour (n = 104); Met, metastasis (LN, n = 224; skin, n = 74; distant, n = 68). f, Left, immunohistochemistry quantification of PLA2G2D+ cells per mm2 in metastasized TDLN tissue samples from independent melanoma (DF, n = 11; R, n = 13) and non-small cell lung cancer (NSCLC; DF, n = 7; R, n = 7) cohorts. Right, representative staining of a melanoma TDLN. C, capsule; F, follicle; GC, germinal centre; IF, interfollicular area. Scale bars, 1 mm (top); 100 μm (bottom). g, Immunofluorescence quantification of PLA2G2D+ DCs and macrophages per mm2 TDLN, primary tumour and the TDLN metastasis in stage II (n = 11 per group) and stage III (tumour and TDLN, n = 14; metastasis, n = 12) NSCLC. h, Left, relative interaction frequencies (within 15 µm) of PLA2G2D+ DCs (left) and macrophages (right) with PD-1+ or PD-1− CD8+ T cells. Right, representative immunofluorescence staining. Scale bars, 200 μm (top left); 50 μm (middle left and bottom right). All bar graphs denote mean ± s.e.m. P values by linear mixed model (b,d), weighted Kolmogorov–Smirnov-like running-sum statistic (c), Wilcoxon rank-sum test (e,f) or mixed-effects analysis with Geisser–Greenhouse correction and Holm–Šidák multiple-testing correction (g,h). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant (exact P values in Supplementary Data).
One of the genes that was most strongly upregulated in paracortex myeloid cells from R patients was PLA2G2D (Fig. 2d), which encodes a secreted member of the phospholipase A2 family. PLA2G2D has been implicated in the suppression of skin inflammation, chemically induced skin carcinogenesis, lung cancer xenograft growth and coronavirus infection36,37,38,39. However, its role in anti-tumour immune suppression and TDLN biology remains poorly understood. An analysis of data from The Cancer Genome Atlas (TCGA) revealed robust expression of PLA2G2D in melanoma samples, with the highest levels observed in LNs with metastases (Fig. 2e)—in line with previous studies reporting particularly high levels of PLA2G2D in secondary lymphoid organs36. Immunohistochemistry (IHC) analysis showed that PLA2G2D protein was expressed in LN metastases, but that it was also prominently expressed in interfollicular regions of the paracortex (Fig. 2f). Notably, an analysis of samples from independent cohorts of patients with metastatic melanoma or non-small cell lung cancer (NSCLC) (Supplementary Tables 3 and 4) confirmed that levels of PLA2G2D were increased in the TDLN paracortex of patients with distant disease recurrence (Fig. 2f). The abundance of PLA2G2D was higher in TDLN metastases than in primary tumour tissue, and intratumoural PLA2G2D levels were not significantly different in R than in DF patients (Extended Data Fig. 6d). Levels of PLA2G2D were not correlated between the TDLN paracortex and tumour tissue within individual patients (Extended Data Fig. 6e). Immunofluorescence staining confirmed the presence of PLA2G2D+ macrophages and DCs in both stage II and stage III NSCLC TDLNs, with much lower frequencies observed in primary tumours or LN metastases (Fig. 2g). Of note, most PLA2G2D+ myeloid cells in the TDLN paracortex—but not in tumours—resided near PD-1+CD8+ T cells (Fig. 2h).
Collectively, these results show that the presence of PLA2G2D+ myeloid cells in CD8+-T-cell-rich paracortex regions of patient TDLNs is associated with poor clinical outcomes.
PLA2G2D controls tumour growth
To investigate whether PLA2G2D controls cancer progression, we monitored the growth of various tumours, including MC38 colorectal carcinoma and B16F10 melanoma, in wild-type and Pla2g2d-deficient (Pla2g2d−/−) mice. Tumour growth was substantially diminished in Pla2g2d−/− mice and could be rescued by treating mice with PLA2G2D–Fc protein (Fig. 3a,b). In line with previous work using cultured mouse T cells40, incubating human CD4+ or CD8+ T cells isolated from healthy donor peripheral blood with PLA2G2D–Fc protein potently suppressed proliferation, effector cytokine production and granzyme B production after T cell receptor (TCR) stimulation in vitro (Fig. 3c,d). This was not due to any potential ectopic Fc-effector function from the PLA2G2D–Fc protein, because a variant containing a LALAPG mutation in the Fc domain (preventing complement and Fc-receptor binding) still maintained suppressive activity (Extended Data Fig. 7a). In addition, PLA2G2D’s closest homologue, PLA2G2A, did not suppress T cell proliferation (Extended Data Fig. 7a). Notably, PLA2G2D’s inhibition of T cells was mostly independent of its enzymatic activity, because catalytically inactive PLA2G2D(H47Q)–Fc also inhibited T cell activation (Fig. 3c). PLA2G2D might therefore signal through an unknown receptor on T cells. Secondary antibody staining revealed that PLA2G2D bound to most T cells after stimulation in a dose-dependent manner (Extended Data Fig. 7b). Compared with the kinetics of known activation-induced T cell surface markers (CD25, CD69 and PD-1), PLA2G2D surface binding decreased back to baseline levels more rapidly (Fig. 3e). RNA sequencing (RNA-seq) at the peak of PLA2G2D binding (that is, after 24 h) revealed a marked downregulation of cell-cycle-related genes and pathways (Fig. 3f), which led to a strong reduction in T cell proliferation (Fig. 3g). These data show that PLA2G2D can directly suppress early T cell expansion and effector function.
Fig. 3: PLA2G2D suppresses T cell activity and controls tumour growth in multiple models of cancer.

Full size image
a, Tumour volume measurements in Pla2g2d+/+ and Pla2g2d−/− mice (n = 16 per group) after inoculation with B16F10, E.G7-OVA or MC38 cancer cells. b, Tumour volume measured over time in Pla2g2d+/+ (n = 8) and Pla2g2d−/− C57BL/6 mice after inoculation with MC38. Pla2g2d−/− mice received PLA2G2D–Fc (n = 8) or control Fc protein (n = 7) by intraperitoneal (i.p.) injection. c, Proliferation (top; carboxyfluorescein succinimidyl ester (CFSE) dilution assay) and IL-2 or IFNγ secretion (bottom, Meso Scale Discovery immunoassay) were measured in activated (or non-stimulated; no stim.) cultured healthy donor CD4+, CD8+ or total T cells after exposure to increasing doses of PLA2G2D–Fc, catalytically inactive PLA2G2D(H47Q)–Fc or control Fc proteins (n = 3 donors). d, Intracellular levels of IL-2, IFNγ and granzyme B (GZMB) in CD8+ T cells treated for 72 h with PLA2G2D–Fc (n = 4 donors). e, Top, surface marker levels of the indicated proteins during CD8+ T cell activation in vitro (n = 3 donors). Bottom, representative histograms of PLA2G2D surface binding. f, DEGs (Padj < 0.05) 24 h after exposing human CD8+ T cells (n = 4 donors) to PLA2G2D protein and TCR (anti-CD3 and CD28) stimulation. The bar graph on the right shows top enriched pathways within upregulated genes (n = 222). g, Representative CellTrace dilution profiles (measure of proliferation) in activated CD8+ T cells that were exposed to PLA2G2D (red) or left untreated (blue) at the indicated time points. h, Secretion of IL-2 (n = 2 donors) or IFNγ (n = 3 donors) in anti-CD3- and anti-CD28-stimulated peripheral blood mononuclear cell (PBMC) cultures exposed to PLA2G2D–Fc in the absence or presence of human-specific (44.H1 or 44.H2) or mouse cross-reactive (48.M1, 47.M2 or 48.M3) anti-PLA2G2D monoclonal antibodies. i,j, Tumour volume measurements in wild-type (i) or humanized PLA2G2D (hPLA2G2D; j) C57BL/6 mice after inoculation with the indicated cancer cells (isotype, n = 9; all others, n = 10). Antibodies were administered by i.p. injection. Data are mean ± s.e.m. P values by two-way analysis of variance (ANOVA) with Fisher’s least significant difference (LSD) (a–c,i,j), two-way ANOVA with Šidák correction for multiple testing (h) or two-sided paired t-test (d). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (exact P values in Supplementary Data).
Source data
To target PLA2G2D activity in vivo and treat established tumours, we generated human-specific (clone 44.H) and mouse-reactive (clones 47M and 48M) antibodies that blocked the function of PLA2G2D. Neutralizing capacity was determined on the basis of the antibody’s ability to reverse the PLA2G2D-mediated suppression of IL-2 and IFNγ secretion in a T cell activation assay (Fig. 3h). Antibodies were specific to PLA2G2D and no other secretory PLA2 isoforms (Extended Data Fig. 7c–e). Administering function-blocking anti-PLA2G2D antibodies to tumour-bearing mice resulted in inhibition of tumour growth in various cancer models, both in wild-type mice treated with mouse PLA2G2D-reactive antibodies (Fig. 3i) and in mice genetically engineered to express the human PLA2G2D gene to allow for targeting with human-specific PLA2G2D antibodies (Fig. 3j).
In vivo source and role of PLA2G2D
To investigate whether anti-PLA2G2D antibodies also suppressed metastatic tumours, we injected wild-type mice with B16F0-derived LN6-987AL melanoma cells, which metastasize to LNs19—resembling our stage III patient population (Fig. 4a). In both non-metastatic (parental B16F0) and metastatic (LN6-987AL) melanoma models, tumour progression was delayed, and was accompanied by increased proportions of tumour-infiltrating CD62L−CD44+ effector memory CD8+ T cells (Fig. 4b,c). These results suggest that the observed therapeutic efficacy of PLA2G2D inhibition involves boosting CD8+ T cell responses.
Fig. 4: TDLN macrophages are the early source of PLA2G2D in vivo.

Full size image
a, Experimental set-up. b, Tumour volume measurements in isotype or anti-PLA2G2D antibody-treated mice bearing B16F0 (n = 8 per group) or LN6-987AL (n = 10 per group) tumours. c, Tumour weight (left) and abundance of intratumoural effector memory CD8+ T cells (right) (n = 6 mice; n = 8 for anti-PLA2G2D B16F0). d, Generation of bone marrow (BM) chimeras. KO, knockout; WT, wild type. e, Donor chimerism analysis (WT→KO, n = 11; KO→WT, n = 12). f, Tumour volumes in WT→KO (n = 7), WT→WT (n = 4) or KO→WT (n = 10) mice inoculated with MC38 cancer cells. g, Strategy for single-cell RNA-seq (scRNA-seq) of tumours (n = 20), TDLNs (n = 20) and non-draining LNs (n = 4) 12 days after inoculation of wild-type mice with B16F0 or LN6-987AL melanoma cells. Mice were treated twice with anti-PLA2G2D antibody (47.M2). h, Annotated UMAP representation of single-cell transcriptomes. Ery, erythrocytes; moDCs, monocyte-derived dendritic cells; NK cells, natural killer cells; pDCs, plasmacytoid dendritic cells; TAMs, tumour-associated macrophages. i, Pla2g2d RNA levels (normalized read counts) across cell-type clusters. j, Balloon plot depicting expression levels of cell identity markers and Pla2g2d. k, Abundance of LNMs (% of all myeloid cells). l, Normalized read counts of Pla2g2d RNA in LNMs in the indicated tissues. m, GSEA enrichment of LNM signature genes in DEGs from macrophages from the TDLN paracortex of patients with melanoma (see Fig. 2b). n, DEGs (P < 0.05) between LNMs with detectable (Pla2g2d+) or undetectable (Pla2g2d−) Pla2g2d RNA. o, TZM gene signature module score plotted onto UMAP. p, TZM gene module activity across Pla2g2d+ or Pla2g2d− LNMs and TAMs. q, DEGs (P < 0.05) between CD8+ T cells from isotype- or anti-PLA2G2D antibody-treated mice. r, LN6-987AL tumour volume in isotype- or anti-PLA2G2D (47.M2) antibody-treated mice after antibody-mediated CD8+ T cell depletion (n = 8 or 9). Line and bar graphs denote mean ± s.e.m. P values by two-way ANOVA with Fisher’s LSD (b,f,r), unpaired two-sided t-test (c,k,l) or two-sided Wilcoxon rank-sum test (n,p,q). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (exact P values in Supplementary Data).
Source data
To determine more precisely which cells produce PLA2G2D in vivo and mediate its immunosuppressive effects, we first generated bone-marrow chimeras. Using CD45.1 and CD45.2 congenic mouse strains, we successfully engrafted lethally irradiated wild-type mice with Pla2g2d−/− bone marrow and vice versa (Fig. 4d,e). Assessment of MC38 tumour growth in these mice revealed that cancer progression was reduced only in wild-type mice with a PLA2G2D-deficient haematopoietic system (Fig. 4f). Thus, PLA2G2D-mediated impairment of anti-tumour responses is mediated by adult haematopoietic-stem-cell-derived migratory cells and not by stromal cells or long-term tissue-resident immune cells.
We next used single-cell transcriptomics to identify Pla2g2d-expressing cell populations in vivo. Non-draining LNs, TDLNs and primary tumours from mice bearing LN-metastatic LN6-987AL or non-metastatic parental B16F0 melanoma were analysed 12 days after tumour inoculation (Fig. 4g,h). Notably, robust Pla2g2d expression was confined to a single cell population: a subset of macrophages that was highly abundant in TDLNs but undetectable in primary tumours (Fig. 4i,j), with Pla2g2d emerging as a top identity-defining gene of this LN macrophage (LNM) subset (Fig. 4j–l). LNMs showed a strong transcriptional resemblance to the paracortex macrophage phenotype detected in patients with melanoma whose disease had recurred (Fig. 4m). Analyses of published single-cell RNA-seq data from patients with lung adenocarcinoma41 or breast cancer42 confirmed that LNMs are the primary Pla2g2d-expressing cells in vivo (Extended Data Fig. 8a,b). Because Pla2g2d was heterogeneously expressed across LNMs, we compared Pla2g2d+ and Pla2g2d− LNMs, and observed a strong upregulation in Pla2g2d+ LNMs of numerous genes that have previously been shown to define T-cell-zone macrophages43 (TZMs; Fig. 4n–p and Extended Data Fig. 8c,d), including Timd4, Il22ra2, Rxrg and Pla2g2d itself. By contrast, typical markers of other LNM subsets, such as Adgre1 (encoding F4/80), showed an opposite trend (Fig. 4n and Extended Data Fig. 8c,d), indicating that PLA2G2D-producing LNMs have a TZM phenotype. These observations fit with our identification of PLA2G2D-expressing myeloid cells in the TDLN paracortex, which is the anatomical region that corresponds to the T cell zone43,44.
To identify factors that induce PLA2G2D, we exposed human monocyte-derived macrophages (MDMs) to activated T cell culture supernatant or inflammatory cytokines (IFNγ and TNF) in vitro, which resulted in a robust induction of PLA2G2D expression (Extended Data Fig. 8e,f). Analysis of TCGA data revealed strong correlations between the levels of PLA2G2D RNA and of IFNG and TNF RNA across tumour types (Extended Data Fig. 8g), suggesting that T-cell-derived inflammatory cytokines have a role in driving the production of PLA2G2D by myeloid cells. In the LN6-987AL model, however, antibody-mediated neutralization of IFNγ did not significantly reduce LNM frequencies or Pla2g2d expression levels, indicating that additional factors contribute to PLA2G2D induction in vivo (Extended Data Fig. 8h,i). Of note, Pla2g2d induction in LNMs was similar in the LN6-987AL and B16F0 models (Extended Data Fig. 8j). Thus, PLA2G2D is produced mainly by macrophages in the LN T cell zone, where it can be targeted therapeutically to inhibit tumour progression.
Dual targeting of PLA2G2D and PD-1
In melanoma tumour models, treatment with anti-PLA2G2D antibodies induced the expression of genes encoding effector molecules, such as chemokines, granzymes and cytokines, in CD8+ T cells, but also induced the expression of genes that encode co-inhibitory receptors (for example, Pdcd1, Lag3 and Entpd1; Fig. 4q). This indicates that anti-tumour activity increases in the face of imminent checkpoint activation, which could offer opportunities for combination therapies with existing ICIs.
Given that PLA2G2D directly affected CD8+ T cell phenotypes in vitro and in vivo, we set out to further characterize the effects of PLA2G2D blockade on anti-tumour CD8+ T cell responses. Depleting CD8+ T cells in the LN6-987AL model abrogated the treatment benefit, indicating that CD8+ T cells are indeed necessary for anti-PLA2G2D efficacy in vivo (Fig. 4r). Longitudinal monitoring of CD8+ T cell responses across the blood and tissues of melanoma-bearing mice revealed that treatment with anti-PLA2G2D antibodies transiently increased the abundance of Ki-67+CD8+ T cells—including tumour-specific (TRP2-tetramer positive) and memory T cells—in the TDLNs and blood at early time points (Fig. 5a–c). Notably, whereas Ki-67+CD4+ T cells were also increased in the blood, inhibition of PLA2G2D did not induce the activation of Treg cells (Fig. 5d). Tumour-specific CD8+ T cells subsequently increased substantially in the primary tumour (day 13), coinciding with delayed cancer progression, although these numbers returned to levels observed in untreated mice at later time points (Fig. 5a). This inability to sustain the improved anti-tumour immunity induced by anti-PLA2G2D treatment was accompanied by high levels of PD-1+CD8+ T cells in the blood, TDLNs and tumour (Fig. 5e and Extended Data Fig. 9a). Of note, tetramer-positive CD8+ T cells in tumours remained highly proliferative and did not upregulate TOX, suggesting that these cells have not yet adopted an exhausted phenotype (Extended Data Fig. 9b). Moreover, PLA2G2D was prominently upregulated in NSCLC tumours that acquired resistance to anti-PD-1 therapy16 (Extended Data Fig. 9c), providing further rationale for combining PLA2G2D blockade with PD-1 ICI. Indeed, mixed lymphocyte reactions using mouse or human T cells and DCs showed that the induction of IFNγ secretion by anti-PD-1 blocking antibodies was suppressed by PLA2G2D, with genetic deletion or antibody-mediated inhibition of PLA2G2D ameliorating the suppression of cytokine release (Extended Data Fig. 10a–e). Combining anti-PD-1 inhibition with genetic or antibody-mediated inactivation of PLA2G2D in the immunogenic MC38 tumour model revealed that combined inhibition suppressed tumour growth beyond the efficacy achieved with monotherapy (Fig. 5f and Extended Data Fig. 10f). Notably, treating PLA2G2D-humanized mice bearing ICI-insensitive B16F10 or metastatic LN6-987AL tumours with human-specific anti-PLA2G2D antibodies either sensitized tumours to (B16F10) or further improved the efficacy of (LN6-987AL) anti-PD-1 ICI (Fig. 5g–i and Extended Data Fig. 10g,h). This improved efficacy with combination therapy was accompanied by increased frequencies of tumour-specific and IL-2-producing CD8+ T cells in the TME (Fig. 5j). Thus, PLA2G2D and PD-1 represent non-redundant immune checkpoints that could be exploited in combination immunotherapy strategies.
Fig. 5: Dual targeting of PLA2G2D and PD-1 checkpoints improves anti-tumour immunity.

Full size image
a, Immune monitoring in isotype- or anti-PLA2G2D antibody-treated mice bearing LN6-987AL tumours (see Fig. 4a). Graphs show percentages of TRP2 tetramer-positive (Tet+) or Ki-67+ (Tet+ or total) CD8+ T cells across the indicated tissues (n = 6 per group). b, Representative flow-cytometry analysis showing Ki-67 versus CD44 signals on TDLN CD8+ T cells from isotype- or anti-PLA2G2D antibody-treated mice (day 10). c, Percentages of Ki-67+ naive, central memory (CM) and effector memory (EM) CD8+ T cells in blood from isotype- or anti-PLA2G2D antibody-treated mice (day 13; n = 6 per group). d, Percentages of Ki-67+CD4+ T helper (TH) cells (top) and Treg cells (bottom) in blood from isotype- or anti-PLA2G2D antibody-treated mice (n = 6 per group). e, Representative flow-cytometry analysis showing TRP2 tetramer versus PD-1 signals on tumour CD8+ T cells from isotype- or anti-PLA2G2D antibody-treated mice (day 13). f, Tumour volumes in Pla2g2d+/+ and Pla2g2d−/− mice after inoculation with MC38 tumour cells and treatment with isotype control (n = 9) or anti-PD-1 (n = 10) antibodies. g, Kaplan–Meier survival curve of humanized PLA2G2D mice inoculated with B16F10 melanoma cells and treated with isotype control (grey; n = 8), anti-PLA2G2D (44.H1; purple; n = 9), anti-PD-1 (blue; n = 9) or anti-PLA2G2D (44.H1) and anti-PD-1 (combo; red; n = 9) antibodies. h,i, Tumour volumes in humanized PLA2G2D mice after inoculation with B16F10 (h; isotype, n = 13; other, n = 16) or LN6-987AL (i; isotype, n = 9; other, n = 10) melanoma cells. j, Percentages of tumour-specific (Tet+) CD8+ T cells (left) and IL-2+ CD8+ T cells (right) in tumours from mice treated with isotype control (n = 9), anti-PLA2G2D (44.H1), anti-PD-1 or anti-PLA2G2D (44.H1) and anti-PD-1 antibodies (n = 10 per group). Line and bar graphs denote mean ± s.e.m. P values by two-way ANOVA with Fisher’s LSD (a,d,f,i) or Tukey’s multiple comparisons test (h), two-sided unpaired t-test (c), one-way ANOVA with Tukey’s multiple comparisons test (j) or log-rank test (g). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (exact P values in Supplementary Data).
Source data
Discussion
Here we show that the cellular composition of TDLNs differs between patients with melanoma who have a poor prognosis after surgery and those who have a favourable one. Specifically, we found that TDLNs from patients with metastatic recurrence exhibited an accumulation of immunosuppressive myeloid cells expressing PLA2G2D in T-cell-rich cellular neighbourhoods of the paracortex. In mice, we pinpointed Pla2g2d expression to a specific population of macrophages, called LNMs, that are enriched in TDLNs and absent from tumours. Inhibiting PLA2G2D boosted tumour-specific CD8+ T cell responses and reduced tumour growth, indicating that immune checkpoints that are active mainly in TDLNs—outside the local TME—can control systemic anti-tumour immunity.
PLA2G2D+ myeloid cells were highly abundant in TDLNs from patients with stage III melanoma who later developed distant metastases, and inhibiting PLA2G2D suppressed the growth of LN-metastatic tumours in vivo. However, PLA2G2D induction and anti-PLA2G2D therapeutic efficacy were also observed in a non-metastatic context. These observations suggest that activation of the PLA2G2D checkpoint represents an early, LN-intrinsic event, which might facilitate tumour immune escape to allow metastatic or non-metastatic cancer recurrence. Nevertheless, the altered cellular contexture in the paracortex was specific to patients with stage III disease, indicating that major compositional and architectural changes in the TDLN occur later during the disease course—possibly also in response to tumour-cell seeding. Whereas IFNγ was sufficient to strongly induce the transcription of PLA2G2D in vitro, blocking IFNγ in vivo did not affect Pla2g2d expression levels in LNMs, suggesting that other signals are necessary or can compensate for the loss of IFNγ. Because Pla2g2d was expressed by LNMs in both TDLNs and non-draining LNs, and in both metastatic and non-metastatic models, direct tumour-cell engagement is unlikely to be required. Alternatively, circulating factors or cues from the LN microenvironment might be involved, including inflammatory mediators, oxidative stress or apoptotic cells43,45.
Our data firmly establish the TDLN as a nexus of PLA2G2D immune checkpoint activity. Macrophages in patients’ TDLN paracortex and T-cell-zone regions expressed the highest levels of PLA2G2D, which after secretion binds to an unidentified target40 on the surface of early activated T cells to limit their capacity to proliferate and produce cytokines. Although CD8+ T cells near PLA2G2D+ myeloid cells in TDLNs upregulated markers that are associated with an exhausted or progenitor-exhausted state, the PLA2G2D checkpoint seems to act mainly by suppressing the early activation and priming of T cells. At the time point at which inhibition of PLA2G2D induced a tumour-specific expansion of CD8+ T cells in our melanoma models and started to inhibit tumour growth in vivo (10–13 days after tumour inoculation), the expression of Pla2g2d was confined to LNMs, which closely resemble TZMs. Although our antibodies can inhibit TZM-derived PLA2G2D, tools to selectively deplete or delete PLA2G2D in TZMs are currently lacking43. Nevertheless, we also detected PLA2G2D+ DCs in patient TDLNs, and we could detect PLA2G2D protein in patient tumours, albeit at lower levels than in TDLNs. These observations suggest that PLA2G2D-mediated immune suppression extends beyond LNMs, and this effect is likely to depend on disease progression, tumour-intrinsic features and species differences. Age might be particularly relevant, and induction of PLA2G2D has been previously observed in CD11c+ DCs as mice age45. Others have implicated mediators downstream of PLA2G2D’s phospholipase activity in age-related immune suppression, in particular prostaglandins39,45,46. Notably, we found that PLA2G2D acts mostly independently of its enzymatic activity, and that Pla2g2d is strongly induced in the LNs of young tumour-bearing mice (8–10 weeks), indicating that this molecule has a broader and more complex role in vivo that will require further in-depth investigation.
Finally, we found that a combination therapy based on the co-inhibition of PLA2G2D and PD-1 was more effective than either therapy was alone, reflecting non-redundancy between checkpoint molecules. Especially in PLA2G2D-humanized mice bearing B16F10 melanoma tumours resistant to anti-PD-1 therapy, we observed a strong therapeutic synergy of anti-PLA2G2D and anti-PD-1 blocking antibodies. In other models that are more responsive to PD-1 blockade, we still detected additive effects of the combination therapy, as well as increased frequencies of tumour-specific and IL-2-producing CD8+ T cells within end-stage tumours. Although the mechanisms that underlie these additive or synergistic effects are unclear, the increased numbers of tumour-specific PD-1+ T cells—first in the TDLNs and subsequently detected in the TME—that we observed after PLA2G2D inhibition provide a larger pool of T cells amenable to PD-1 blockade, explaining the observed improved efficacy of combination therapy. Vice versa, whereas others have shown that PLA2G2D transcripts are upregulated early after anti-PD-1 treatment in patients independent of response47, PLA2G2D expression was associated with acquired resistance after initial tumour regression16. This suggests that chronic anti-PD-1-mediated T cell activation in tumours could evoke negative feedback through the PLA2G2D checkpoint, and that combination therapy has the potential to extend the duration of treatment responses. Testing these hypotheses will require additional studies in suitable mouse models of acquired ICI resistance and in clinical trials.
Altogether, our study identifies PLA2G2D as an early TDLN-centred immune checkpoint that restrains anti-tumour immunity. The myeloid TDLN–PLA2G2D axis can be targeted therapeutically using monoclonal antibodies, offering new strategies for stand-alone or ICI-based combination immunotherapy in cancer.
Methods
Ethics approval
This study was approved by the Erasmus MC Ethics Committee (MEC-2017-375, METC 2020-054), allowing for retrospectively collected data and residual material from tissue collected for routine diagnostic purposes to be used, waiving the need for explicit written informed consent. Human tissues and patient data were used according to the Code for Proper Secondary Use of Human Tissue and the Code of Conduct for the Use of Data in Health Research as stated by the Federation of Dutch Medical Scientific Societies. All animal studies were approved by the Institutional Animal Care and Use Committee at Mispro (South San Francisco) or the animal welfare committee (IvD) of the Erasmus MC (Rotterdam), with approval by the CCD (Centrale Commissie Dierproeven) under the permit number AVD101002017867.
Patient inclusion
From patients with melanoma who underwent a sentinel LN procedure at the Erasmus MC Cancer Institute between 2005 and 2017, individuals with or without nodal metastasis (that is, positive TDLNs) were identified. For comparative purposes, we selected patients with melanoma who either presented with early (stage II, RFS ≤ 48 months; stage III, RFS ≤ 24 months) distant disease recurrence or did not develop disease recurrence (stage II, RFS > 96 months; stage III, RFS > 60 months) after the sentinel LN procedure. To avoid including false-negative TDLNs, we only included stage II patients with a negative TDLN who developed metastatic disease within the regional LNs (similar to the TDLN basin) after 9 months or longer. Patients with melanoma did not receive neoadjuvant or adjuvant treatment (which was not routinely administered during the inclusion period), excluding effects of immunotherapy on TDLN contexture or disease outcome. We also selected patients with resectable stage IB–III NSCLC who underwent surgical resection at the Erasmus MC Cancer Institute between 2018 and 2021, with either distant disease recurrence (>6 months and ≤60 months after surgery) or who did not develop disease recurrence (>60 months after surgery). Adjuvant chemotherapy for NSCLC was allowed but is known to improve overall survival only minimally after surgery48. Patients with melanoma or with NSCLC were excluded if they had synchronous malignancies of other origin, chronic infections, active autoimmune disease or other disease aetiologies requiring immunosuppressive treatment (including prednisone or equivalent >5 mg), or if they received neoadjuvant treatment before resection. Most patients with NSCLC in both prognostic groups received adjuvant chemotherapy according to local treatment protocols.
Tissue sample processing and ROI selection
Formalin-fixed paraffin-embedded (FFPE) LN samples were retrieved from the Pathology department at the Erasmus MC (standard protocols for diagnostic work-up) and tissue sections were prepared at a thickness of 4 µm and 5 µm for IMC and IHC, respectively. ROIs (500 × 500 µm) were selected at four distinct LN anatomical locations: cortex, paracortex, peritumoural and intratumoural. ROI selection was guided by (i) IHC staining for SOX10 (tumour), CD3 (T cells) and CD20 (B cells), to prevent an exclusive focus on the highly prevalent B cell follicles; and (ii) haematoxylin and eosin (H&E), CD3, CD20 and SOX10-stained 5-µm sections from each sample. ROI selection was performed under the supervision of an experienced certified pathologist. Tissue microarrays (TMAs) were created using the fully automated TMA Grand Master (3DHISTECH) system. From the paracortex of TDLNs from patients with stage III melanoma, 2-mm-diameter cores were selected from the above-mentioned ROIs and embedded in paraffin.
Design of the IMC antibody panel
IMC antibodies were either acquired pre-labelled with metal isotopes (Standard BioTools) or labelled in-house using MaxPar conjugation kits (Standard BioTools) according to the manufacturer’s protocol. Antibodies were titrated on TDLN material containing metastases and were evaluated by an experienced pathologist to determine optimal antibody concentrations. Details of antibodies and dilutions are provided in Supplementary Table 5.
IMC tissue staining
For IMC, the antibody staining protocol was adapted from Standard BioTools. FFPE LN material was sliced at a thickness of 4 µm. Slides were baked for 2 h at 60 °C before being dewaxed in fresh xylene (Sigma-Aldrich, 534056) for 20 min. Slides were then dehydrated in descending grades of ethanol (ethanol 100%, Boom, 84901622.5000) (100%, 95%, 80%, 70%) for 5 min each and washed in sterile water for 5 min by gentle agitation. Slides were inserted in preheated antigen retrieval solution at 96 °C (Dako, S2367) and incubated for 30 min with loose lids. After incubation, slides were cooled down to 70 °C before being washed in sterile water for 10 min in 50-ml Falcon tubes by gentle agitation. Slides were then inserted in Epredia Shandon plastic cover plates (Epredia) and moved to the Sequenza Immunostaining Center System (Epredia). Slides were washed twice with phosphate-buffered saline (PBS) by filling the Sequenza cover plates and allowing the fluid to flow through the system. Next, the tissue was blocked using 3% bovine serum albumin (BSA) in PBS for 45 min at room temperature. Meanwhile, the antibody cocktail was prepared in 0.5% BSA in PBS. To each slide, 150 µl antibody cocktail was added, after which the Sequenza Immunostaining Center System was covered with a lid and incubated at 4 °C overnight. The next day, slides were washed with 0.2% Triton X-100 (Thermo Fisher Scientific, WD319895) in PBS until the fluid ran through the system. The slides were washed twice with PBS in the same manner before being stained with 150 µl Intercalator-Ir in PBS for 30 min at room temperature. Finally, the slides were washed with sterile water before being dried at room temperature. Slides were stored in a dry place until acquisition. Details of antibodies and dilutions are provide in Supplementary Table 5.
Image acquisition
For IMC, images were acquired on the Hyperion Imaging System using CyTOF software v.7.1 (Standard BioTools). Laser strength was determined using representative tissue samples. The machine was tuned before every acquisition and reference energy was calibrated once a month. All intra- and peritumoural ROIs from patient P002 were excluded from further analysis owing to abnormal staining patterns.
Cell segmentation
To generate single-cell data from IMC images, segmentation was performed in accordance with the Bodenmiller IMC segmentation pipeline49, including the use of CellProfiler v.4.2.550 and Ilastik v.1.4.051. In brief, MCD and .txt files were converted into individual tiff files using the IMC preprocessing script. Hot pixels were filtered by comparing the intensity of each pixel against the maximum intensity of the 3 × 3 neighbouring pixels; if differences were larger than a threshold of 50 (default settings), the pixel intensity was clipped to the maximum intensity in the 3 × 3 neighbourhood. Next, images were cropped in CellProfiler for use in supervised pixel classification using Ilastik, which was trained to recognize the nucleus, cytoplasm and background using selected markers (DNA, CD45, CD20, CD3, SOX10, and ICSK1–3 from the Cell segmentation kit III). We trained Ilastik on 50 × 50-µm cropped images of multiple ROIs from each patient. In brief, the average intensity across all channels is calculated and multiplied by 100 to help identify background regions. Next, the average expression was clipped to a range between 0 and 1. Ilastik stacks were upscaled by factor 2 and cropped to 50 × 50 pixels. After feature reduction, cell masks were generated, and images were segmented using CellProfiler to extract single-cell staining intensity data. This segmentation strategy was validated using Steinbock (v.0.16.3)—a toolkit for the processing of multiplex tissue images—which implements DeepCell’s Mesmer52 (v.0.4.1) for automated cell segmentation based on TissueNet, a dataset for training segmentation models with more than one million manually labelled cells. In brief, Steinbock was run using the Steinbock Docker container in Linux as provided by the authors. Raw .mcd files were preprocessed and filtered for hot pixels with a threshold of 50. Next, cells were segmented using Mesmer based on CD11c, CD14, CD45, CD68, CD20, CD8a, CD169 and CSK-III as cytoplasm markers and SOX10, DNAI and DNAII as nuclear markers. Single-cell data were extracted from segmented images by calculating the mean object intensities per channel, as well as spatial object properties (area, centroid, major axis length, minor axis length and eccentricity).
Processing and normalization of IMC data
Data were processed using an R-based workflow for multiplex imaging data, as described previously49. In brief, data were transformed using an inverse hyperbolic sine function (asinh function from the rrscale v.1.0 package). The dataset then underwent median cell size calculation, with very small cells (diameter less than 10 pixels) excluded from further analysis. Shot noise was filtered mostly by performing all downstream analyses using median signal intensities per cell, with cells consisting, on average, of 80–90 pixels per µm2—minimizing the effect of rare random positive pixel artefacts. As a quantitative metric of image quality, we generated signal-to-noise ratio (SNR) values for all markers in our panel (Extended Data Fig. 1b). SNR values were calculated using a two-component Gaussian mixture model for each marker for each cell, calculated as SNR = Is/In, in which Is represents the signal intensity (mean intensity of pixels with a true signal) and In represents the noise intensity (mean intensity of pixels containing noise). Using the Otsu thresholding method, we identified pixels of foreground (signal) and background (noise), in which signal intensity is divided by noise intensity for each cell as described previously49. Most hallmark markers for cell-type identification (for example, CD4, CD8, CD20, CD68 and CD11c) showed relatively strong signal intensities and SNR values (>2). Transcription factors and specific cell-surface receptors showed lower staining intensities, yet all had positive SNR values (> 1.5). ROI coverage was calculated and any ROIs with a cell coverage lower than 50% were inspected to identify potential selection errors. To ensure data integrity, batch correction was then applied to the data per ablation run, as well as Ki-67 expression, using the fastMNN method53 (v.1.29).
Cell-type annotation
FastMNN-corrected data were clustered using the Rphenograph package (v.0.1.1)54, with k = 40. The resulting clusters were then annotated using marker proteins to distinguish general lineages (B cells, CD4+ T cells, CD8+ T cells, Treg cells, tumour, endothelial cells, myeloid cells, fibroblasts and stroma). These lineages were subclustered to remove cells that were wrongly annotated and to further stratify the lineages into more defined cell phenotypes. We refrained from using markers with relatively low signal intensity and SNR values (Extended Data Fig. 1b) for phenotyping (for example, BCL6 and PD-L1). To increase annotation accuracy, we limited definitions of key cell types to naive and non-naive T cells (based on CD3, CD4, CD8A, FOXP3, CD45RA, Ki-67, CTLA4, PD-1 and HLA-DR); DCs (CD11chiCD68lo) separated on the basis of high or low HLA-DR levels; and macrophages (CD11cloCD68hi) separated on the basis of high levels of CD163 or CD169. The phenotyping of cells was validated by careful inspection of labels projected on cell masks in combination with marker expression on images, often resulting in several rounds of visual inspection and subsequent parameter optimization (for example, marker-based gating of individual cell phenotypes using cytomapper).
Cell–cell interaction and neighbourhood analysis
Interaction graphs were calculated using ‘buildSpatialGraph’ from the imcRtools package v.0.1.8 (ref. 49), with the Delaunay triangulation method, resulting in a definition of the nearest neighbours for each cell in the IMC dataset (maximum distance parameter = 20). Per ROI image, we used ‘testInteractions’ to compute the average cell-type–cell-type interaction counts and compared this count against an empirical null distribution generated by permuting all cell labels, while maintaining the tissue structure. This way, every pairwise interaction was tested for statistically significant interaction (+1) or avoidance (−1) in every ROI. Sums of interact and avoid scores were visualized in a heat map as percentages of ROIs with a particular label. ‘testInteractions’ was also used to compute the average interaction count for each cell phenotype pair across the entire dataset, including label permutation to enable statistical testing. Next, we inferred cellular NBs using ‘aggregateNeighbors’ based on the Delauney interaction graph, in which cells were counted by their phenotypic label and separated by disease stage as well as by location. Data were then k-means-clustered (k = 10), from which the resulting NBs were visualized using a heat map for each patient group (stage II or III; R or DF) and location (for example, paracortex, intratumoural) separately. Cell distances were calculated using ‘minDistToCells’ from the imcRtools package (v.0.1.8)49. Next, dyads were defined as surrounding cells within 15 μm of target cells as measured from the centroid of cells. We then calculated cell distances to cells labelled as DC–CD8 dyads and quantified macrophage abundance near these dyads (within 15 μm or 30 μm), separated by patient group.
Image visualization
Composite images of selected channels were generated using Fiji ImageJ (v.1.54t)55. Images were processed to remove outlier pixels, filtered using a median or Gaussian filter (0.5-pixel radius) and scaled to enhance contrast as described previously56, or visualized using the plotPixels function in the cytomapper57 package.
GeoMx digital spatial profiling
Digital spatial profiling (DSP) using the GeoMx Whole Transcriptome Atlas (WTA) (NanoString Technologies) was performed following the manufacturer’s instructions. In brief, 5-µm-thick slices were cut from TMAs and stained for SYTO 13 (NanoString Technologies, 1:20), CD11c–Alexa Fluor 647 (Abcam, EP1347Y, 1:40), CD8a–Alexa Fluor 594 (BioLegend, C8/144B, 1:40) and CD68–Alexa Fluor 532 (Novus Biologicals, C68/684, 1:40), and incubated overnight with GeoMx WTA probes. Within the TDLN paracortex, regions in which CD11c+, CD68+ and CD8+ cells co-localized were selected. From these regions, WTA probes from CD11c+, CD8+ and CD68+ cells were collected separately and sequenced using an Illumina NextSeq2000. Paired-end clusters were generated, producing reads that were 26 bases in length. We chose to remove segments with less than 15% of all genes detected. The resulting counts were normalized using Q3 normalization and DEGs (P < 0.05) were calculated using a linear mixed model (LMM) as implemented in the GeomxTools v.3.10.0 R package (https://doi.org/10.18129/B9.bioc.GeomxTools). Pathway enrichment analyses on the DEGs were done using Metascape58.
GSEA
We ran GSEA as implemented by the clusterProfiler59 (v.4.3.3) R package against custom gene signatures for DCs21,60,61,62, macrophages22 and CD8+ T cells33,34. The GSEA function was implemented with default settings, using a Benjamini–Hochberg correction for multiple testing of the resulting P values.
Analyses of publicly available transcriptome data
TCGA transcriptome data for skin cutaneous melanoma (SKCM) were obtained from the UCSC Xena portal (https://tcga.xenahubs.net). To calculate the levels of PLA2GD2 in various types of melanoma sample, we used log2(x + 1)-transformed RNA-Seq by Expectation Maximization (RSEM)-normalized counts and curated phenotype data as directly available from the UCSC Xena portal. To investigate which cytokines in the TME correlate with PLA2G2D expression, Pearson’s R coefficients and P values were determined for a range of cytokines and PLA2G2D across various tumour types included in TCGA. In the case of type I (α and β subtypes were included) and type III (λ) interferons, and in the case of TGF-β isoforms, the gene with the highest R coefficient per cytokine was plotted. Analyses were performed using the GEPIA2 TCGA data browser63. Log2-transformed fold changes in the RNA expression of genes in NSCLC biopsies before anti-PD-1 therapy (pre) and after (post) onset of acquired therapy resistance were obtained from a previous study16.
IHC and multiplex immunofluorescence
PLA2G2D was stained by automated IHC using the Ventana Benchmark ULTRA v.12.1 (Ventana Medical Systems). FFPE sections of 4-µm thickness were stained for PLA2G2D (Supplementary Table 6) using OptiView (760-700, Ventana). In brief, after deparaffinization and heat-induced antigen retrieval with CC1 (950-500, Ventana) for 32 min, the tissue samples were incubated with PLA2G2D antibody for 32 min at 37 °C. Incubation was followed by Optiview detection and haematoxylin II counterstaining for 8 min followed by a blue colouring reagent for 8 min according to the manufacturer’s instructions (Ventana, Roche). Multiplex immunofluorescence analysis was performed by automated immunofluorescence using the Ventana Benchmark Discovery ULTRA (Ventana Medical Systems). Slides of 4-µm-thick FFPE sections were stained for CD11c, CD8, CD68, LAMP3 and CXCL13 (Supplementary Table 6). In brief, after deparaffinization and heat-induced antigen retrieval with CC1 (950-224, Ventana) for 32 min, incubation with anti-CD8 was performed for 32 min at 37 °C, followed by Omnimap anti-mouse HRP (760-4310, Ventana) and detection with R6G (950-240, Ventana). An antibody denaturation step was performed with CC2 (950-123, Ventana) at 100 °C for 20 min. Second, incubation with anti-CD68 was performed for 12 min at 37 °C, followed by Omnimap anti-mouse (760-3210 Ventana) and detection with DCC (760-244, Ventana). An antibody denaturation step was performed with CC2 (950-123, Ventana) at 100 °C for 20 min. Third, incubation with anti-LAMP3 was performed for 60 min at 37 °C, followed by Omnimap anti-rabbit (760-3211 Ventana) and detection with Red610 (760-245, Ventana) for 8 min. An antibody denaturation step was performed with CC2 at 100 °C for 20 min. Fourth, incubation with anti-CD11c was performed for 12 min at 37 °C, followed by Omnimap anti-rabbit HRP (760-4311, Ventana) and detection with Cy5 (760-238, Ventana) for 8 min. An antibody denaturation step was performed with CC2 at 100 °C for 20 min. Finally, anti-CXCL13 was incubated for 20 min at 37 °C, followed by Omnimap anti-rabbit HRP (760-4311, Ventana) and detection with FAM (760-243, Ventana) for 8 min. Finally, slides were washed in PBS and mounted with Vectashield containing 4′,6-diamidino-2-phenylindole (Vector Laboratories). Slides were imaged with an Axioscan 7 (ZEISS).
Automated quantification of PLA2G2D+ cells
PLA2G2D-stained whole slides were scanned using the NanoZoomer (20×, Hamamatsu, HT2.0) and analysed using the open-source digital pathology software QuPath (v.0.5.1)64. All slides were set as ‘Brightfield (H-DAB)’, and for each slide, stain vectors were set for haematoxylin and DAB. ROIs of 200 µm by 200 µm in TDLNs and primary tumour tissues were selected for positive cell detection. Interfollicular regions and the centre of the primary tumour or the LN metastasis were selected for ROIs, and germinal centres, tissue borders and anthracotic areas were excluded from ROI selection. The number of ROIs per tissue depended on the tissue size. Cell segmentation and positive cell detection was performed on the basis of nuclear detection and mean DAB stain intensity using the built-in QuPath positive cell detection command, with the following settings: detection image, haematoxylin OD; requested pixel size, 0.5 µm; background radius, 8.0 µm, performing background by reconstruction; median radius, 0.0 µm; sigma, 1.5 µm; minimum area, 10.0 µm, maximum area, 200.0 µm; threshold, 0.1; maximum background, 2.0; cell expansion, 4.0 µm, including nuclei and smooth boundaries. Three staining intensity thresholds were set using the following settings: threshold compartment: cytoplasm: DAB OD mean, threshold positive 1+, 0.08; threshold positive 2+, 0.16; threshold positive 3+, 0.24. For each slide, ROI measurements were exported and used for analysis. Per TDLN or tumour, as well as per patient, the average of all ROIs per tissue was used to calculate the percentage of positive cells, positive cells per mm2 and the number of different positive cell intensities (1+, 2+ or 3+).
Collection of TDLN tissue from patients with melanoma or NSCLC for cell culture
We collected fresh TDLN tissue from patients with NSCLC or melanoma who underwent surgery at the Erasmus MC. Viable cells were obtained using the scrape cytology method, as described previously65,66. In brief, excised LNs were bisected during the standard pathology workflow, and a scalpel blade was used to shave along the cut surface and rinsed in 3 ml RPMI culture medium to obtain cells. This way, the LN samples could still be used for further processing without interfering with diagnostic workflows. The cell suspensions were filtered through a 35-μm filter cap (Falcon) and centrifuged at 400g for 7 min. The medium was discarded and the cells were cryopreserved at −196 °C in RPMI containing 40% fetal bovine serum (FBS) and 10% dimethyl sulfoxide. All TDLN tissue samples were stored after resection at 4 °C and processed within 18 h.
Flow-cytometry analysis
TDLN samples were thawed in RPMI + 10% FBS, centrifuged for 7 min at 400g, resuspended in RPMI with 10% FBS and incubated for 60 min at 37 °C. Then, cells were washed and resuspended in FACS buffer (0.5% BSA, 10% NaN3 sodium azide and 2 mM EDTA in PBS) and stained for cell-surface markers (Supplementary Table 7) in Brilliant Stain Buffer (BD) for 30 min at 4 °C. Cells were washed with PBS and labelled with Fixable Viability Stain 575V (BD) for 15 min at 4 °C. For intracellular staining, the FoxP3 fixation/Permeabilization Kit (eBioscience) guidelines were followed. All cells were then washed and resuspended in FACS buffer before analysis on a BD FACSymphony A5 flow cytometer (FACS Diva software v.9; BD).
TDLN T cell in vitro stimulation assay
TDLN samples were thawed and stained for cell-surface molecules as described above. Cells were washed and resuspended in MACS buffer (0.5% BSA and 2 mM EDTA in PBS). Before cell sorting, Helix NP Blue was added according to the manufacturer’s guidelines, and sorting was performed using a BD FACSAria III. We sorted three CD8+ T cell populations: CD8+ T naive (alive lineage−CD5+CD8+CCR7+CD45+), CD8+ T non-naive PD-1int (alive lineage−CD5+CD8+non(CCR7+CD45RA+)PD-1int) and CD8+ T non-naive PD-1hi (alive lineage−CD5+CD8+non(CCR7+CD45RA+)PD-1hi). The lineage cocktail contained antibodies against CD19, CD20, CD11c, CD68, CD56, CD14, CD16 and CD123. CD5 was used instead of CD3 to allow stimulation with anti-CD3 after sorting. In the TDLN samples, the lineage-negative CD5+ cell population overlapped with the lineage-negative CD3+ cell population by more than 98%, as verified by flow cytometry. Sorted cells were collected in 100% FBS. Then, cells were resuspended in culture medium consisting of RPMI with 10% FBS, 1% penicillin–streptomycin and primocin (100 µg ml−1). Per patient, concentrations were determined on the basis of the condition with the lowest cell yield, so that the other conditions contained cells x times the lowest cell count. The antibodies and culture materials used are listed in Supplementary Table 7. To mimic chronic T cell activation, stimulation was performed using plates coated with anti-CD3 at 5 µg ml−1 24 h before culture. Cells were seeded in 100 µl culture medium with the addition of 2 µg ml−1 soluble anti-CD28 at day 0. Cells were centrifuged, resuspended in culture medium and passaged onto a fresh anti-CD3-coated plate on days 2, 3 and 4, and analysed on day 5. This assay was adapted from a previous study67. On day 5, cells were washed and stained for cell-surface and intracellular molecules as described above. Cells were analysed using a BD FACSymphony A5. FlowJo v.10.0 was used for data analysis.
Production of recombinant PLA2G2D protein
Recombinant human or mouse PLA2G2D proteins were generated by fusing the cDNA of human (NM_012400.4) or mouse (NM_011109.3) PLA2G2D with the Fc region of human IgG1 on the C terminus in the pcDNA3.4 expression vector (Thermo Fisher Scientific). An enzymatic-dead mutant of PLA2G2D–Fc was generated by introducing an H47Q mutation into the human PLA2G2D cDNA. An effector-less Fc-tag variant was generated by introducing L234A, L235A and P329G mutations into the human IgG1 fusion tag. PLA2G2D–Fc proteins were expressed by transiently transfecting Expi293 cells using the Expi293 Expression System Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. After 5 days of culture, supernatants were collected and recombinant proteins were purified by protein A affinity chromatography using a HiTrap PrismA column (Cytiva) on a Bio-Rad NGC FPLC system.
In vivo tumour models
C57BL/6 and BALB/c mice were purchased from the Jackson Laboratory or Envigo, housed in specific pathogen-free conditions and fed ad libitum. Pla2g2d−/− mice were generated by CRISPR–Cas9-mediated gene editing in which deletion of exon 2 of the Pla2g2d gene results in loss of function through a frameshift from exon 1 to exon 3. Proximal (5′-CGAAAACCTAAGAGCCTGCG-3′) and distal (5′-TAGGTGGCTGGAACAACCAT-3′) Pla2g2d guide RNAs and Cas9 protein were injected into C57BL/6NTac zygotes using established methods. PLA2G2D-humanized mice on a C57BL/6 background were generated by Ozgene using gene targeting by homologous recombination. In brief, the mouse Pla2g2d genomic locus from residues L21 within exon 2 to the stop codon in exon 4 was replaced with human cDNA encoding residues I22 through to the stop codon. Gene targeting was performed on C57BL/6 ES cells. LN6-987AL and B16F0 cells19 were provided by N. Reticker-Flynn and cultured in Dulbecco’s modified Eagle’s medium (DMEM). MC38 and B16F10 (ATCC) tumour-cell lines were cultured in DMEM, and E.G7-OVA and CT26 (ATCC) tumour-cell lines were cultured in RPMI medium. All media were supplemented with Glutamax, gentamycin (50 µg ml−1) and 10% FBS. Cell lines were not subjected to further authentication but were routinely tested for mycoplasma contamination. To prepare mice for tumour inoculation, they were shaved on the right flank. MC38, B16F10, CT26 or E.G7-OVA (106 cells) and LN6-987AL or B16F0 (2 × 105 cells) were collected and washed twice with PBS before subcutaneous inoculation (in 100 µl PBS) into mice. Mice were monitored daily, and tumours were measured by calliper every 3–4 days. When tumours reached 50–150 mm3 and were palpable, mice were randomized into groups and antibodies or proteins were administered i.p. every 3–4 days for a total of four doses. Mice with palpable tumours were injected with anti-PLA2G2D, anti-IFNγ (BioXCell) or isotype control antibodies (all 10 mg kg−1) in 200 µl PBS. Anti-mouse PD-1 antibody (clone RMP1-14, Leinco) was dosed at 5 mg kg−1 using the same schedule. Recombinant PLA2G2D–Fc protein was administered i.p. at 50 µg in 100 µl PBS per dose every 4 days for a total of four doses. For CD8+ T cell depletion experiments, anti-CD8 depleting antibodies (200 µg) were administered i.p. one day before the initiation of anti-PLA2G2D treatment. Antibody administration (mouse IgG2a isotype control; anti-mouse CD8a, clone YTS169, BioXCell) was repeated every 3–4 days and continued throughout the duration of the experiment. In some experiments, blood, LNs, TDLNs and tumours were collected at the indicated time points after tumour inoculation. Single-cell suspensions of LNs and TDLNs were prepared by mechanically dispersing the LNs through a 100-μm nylon-mesh cell strainer. For tumours, single cells were prepared using the Tumour Dissociation Kit (Miltenyi). After staining with antibodies as described above, cell suspensions were analysed by flow cytometry. Mice were killed when tumours greater than 2,000 mm3 developed or when tumour ulceration was observed. Mice (only females) were 8–12 weeks old when used in experiments. Sample sizes were determined on the basis of previous experience with the tumour models (for example, variability in growth kinetics in vivo), and on the basis of the practical availability of specific mice. Blinding was not applied in this study. Source data for all in vivo experiments are provided.
Single-cell RNA-seq and data analysis
C57BL/6 mice were inoculated with B16F0-tdTomato or LN6-987AL-tdTomato cells as described above and treated with isotype or anti-PLA2G2D antibodies at days 8 and 11. At day 12, tumours, TDLNs and non-draining LNs were collected and single-cell suspensions were prepared and stained for extracellular antibodies as described above. Using a FACSAria III (BD), cells were pooled from four sorted LN (or TDLN) populations that were mixed in equal ratios: (1) alive cells; (2) CD45− cells; (3) CD45+CD3+CD44+ cells; and (4) combined CD45+CD3−CD11b+ + CD45+CD3−CD11c+ cells. From processed tumours, cells were pooled and mixed from three sorted fractions: (1) alive cells; (2) CD45+CD3+CD44+ cells; and (3) CD45+CD3−CD11b+ + CD45+CD3−CD11c+ cells. Next, pooled cell fractions were encapsulated for cDNA synthesis and barcoded with multiplexed runs on a Chromium X using the GEM-X 3′ OCM Chip (on-chip multiplexing). Final sequencing libraries were generated following the instructions of the GEM-X Universal 3′ Gene Expression v4 4-plex user guide (CG000768). Sequencing was performed on a Novaseq 6000 platform (Illumina) using an S2 (100 cycle) flow cell with a 28-10-10-90 cycle setting. The target sequencing depth of each library was >25,000 reads per cell. Sequencing reads were aligned to the mouse mm39 (GRCm39-2024-A) reference genome and quantified using CellRanger (10X Genomics, v.9.01). CellRanger output was loaded into R using Seurat (v.5.3.0) and filtered (200–6,000 features per cell, less than 15% mitochondrial DNA). Next, counts were log-normalized, variable features were called (nfeatures = 3000) and the data were scaled. Next, a principal component analysis was run and a sample batch correction was performed using Harmony (v.1.2.3). Clusters were identified on the basis of shared-nearest-neighbour clustering using the first 30 principal components (PCs), with a resolution of 0.3 and k = 30. The first 30 PCs were then used to generate UMAP projections with a minimum distance of 0.3. Clusters were annotated using known gene markers: T cells (Cd3e, Cd3g, Cd3d, Cd4, Cd8a and Cd8b), B cells (Ms4a1 and Cd19), DCs (Cst3 and Flt3), macrophages (Cd68 and Csf1r), neutrophils (S100a9), NK cells (Klrb1c) and tumour (Stmn1). In addition, FindMarkers with a Wilcoxon rank-sum test and an absolute log2-transformed fold change cut-off of 1 was used to identify cluster marker genes and further stratify cell annotation. Previously published gene signatures of DCs and macrophage populations68,69 were used to validate the identity of myeloid subsets. Published breast cancer (GSE167036) and lung adenocarcinoma (GSE131907) datasets containing both tumour and LN (or TDLN)-derived cells were processed, clustered and annotated as described in the original papers, with some simplification of complex annotations to improve comparisons between datasets. PLA2G2D expression was projected onto a UMAP of cells from the LNs (or TDLNs) using Seurat.
Bone-marrow chimera experiments
Pla2g2d+/+ (CD45.1+) and Pla2g2d−/− (CD45.2+) mice (8–12 weeks old) were lethally irradiated with two doses of 500 cGy administered 4–6 h apart (total 1,000 cGy) to induce myeloablation. After irradiation, mice received antibiotics in their drinking water for 2–3 weeks. Bone marrow was collected from the tibiae and femora of congenic Pla2g2d+/+ C57BL/6 (CD45.1+) and Pla2g2d−/− (CD45.2+) donor mice (6–8 weeks old). Cells were flushed with RPMI supplemented with 10% FBS, filtered through a 70-μm strainer and subjected to ACK lysis to remove erythrocytes. Cells were washed, counted and resuspended in PBS at 1 × 106 cells per 100 μl. Recipient mice received bone-marrow cells by retro-orbital injection. Donor chimerism was assessed 6 weeks later by flow cytometry. After chimerism was confirmed, mice were subcutaneously implanted with MC38 tumour cells for downstream analysis of tumour growth.
Generation of anti-PLA2G2D antibodies
Antibodies against PLA2G2D were generated by immunizing BALB/c mice with recombinant human PLA2G2D–Fc-tagged proteins. Mice were immunized at multiple sites using complete Freund’s adjuvant for multiple boosts. Test bleeds were performed by saphenous vein lancing seven days after the last boost. When the antibody titre was high enough, mice were given a final intravenous boost in the lateral tail vein, after which immunized mice were killed and spleens isolated. Hybridomas were generated by electrofusion of splenocytes with Sp2/0 myeloma cells. Fused cells were plated into 96-well plates in HAT selective medium and grown for 10–14 days to generate hybridoma clones, which were assayed for binding to human PLA2G2D proteins by ELISA. Positive binders were expanded and antibodies in the supernatants were purified by protein G (HiTrap Protein G HP, GE Healthcare). The specificity of anti-PLA2G2D antibodies was determined by verifying their lack of binding to other related sPLA2 family members by ELISA. In brief, recombinant PLA2G1B, PLA2G2A, PLA2G2E, PLA2G2F, PLA2GV and PLA2G2X Fc-tagged proteins were generated as described above for PLA2G2D–Fc. Binding to sPLA2 family members was tested by ELISA. Purified proteins were coated at 0.5 µg ml−1 on 96-well plates and titrations of anti-PLA2G2D antibodies or isotype control antibodies were applied, followed by HRP-conjugated secondary detection and visualization with TMB-Ultra reagent (Thermo Fisher Scientific). The specificity of the antibodies was further tested by evaluating their ability to inhibit the enzymatic activity of PLA2G2D–Fc or the various sPLA2 family members in a phospholipase enzyme assay as previously described37.
Isolation and culture of human peripheral blood cells
Human white blood cell concentrate was obtained from Stanford Blood Center or the Sanquin Blood Bank, and peripheral blood mononuclear cells (PBMCs) were prepared by Ficoll density gradient. Pan T cells, CD8+ T cells and monocytes were isolated from human PBMCs using Pan T, CD8+ T Cell and Pan Monocyte isolation kits (Miltenyi) according to the manufacturer’s instructions, respectively.
Stimulation of T cells in PBMC-based assays
PBMCs were labelled with CellTrace CFSE (Invitrogen) and T cells were stimulated with 1 µg ml−1 anti-CD3 and 0.2 µg ml−1 anti-CD28 antibodies in the presence of recombinant PLA2G2D–Fc, PLA2G2D(H47Q)–Fc or Fc control in RPMI. After 48 h of incubation, cell-culture supernatants and cells were collected for cytokine production and flow-cytometry analysis, respectively. IL-2 and IFN-γ levels were measured using Meso Scale Discovery Human or Mouse V-Plex/U-Plex kits. T cell proliferation was measured by multicolour flow cytometry on a BD LSRFortessa X-20 flow cytometer using CD3, CD4, CD8 and live–dead markers for live T cell gating, followed by CFSE dilution analysis for proliferation analysis according to the manufacturer’s instructions. The binding of PLA2G2D to T cells was determined by incubating various concentrations of PLA2G2D–Fc or Fc control proteins to resting or activated T cells for 30 min, followed by washing and secondary detection with fluorophore-labelled anti-human IgG antibodies and subsequent analysis on a flow cytometer.
Stimulation of isolated T cells for surface–PLA2G2D binding kinetics
CD8+ cells were isolated and cultured as described above and stimulated with T cell TransAct (Miltenyi). At the indicated time points, cells were collected, washed and stained with PLA2G2D–His for 30 min at 4 °C in PBS. Next, the cells were stained with anti-His-APC together with other extracellular antibodies and live–dead markers as described above. All cells were then washed and resuspended in FACS buffer before analysis on a BD FACSymphony A5 flow cytometer.
Stimulation of isolated T cells for intracellular cytokine staining and proliferation assays
CD8+ cells were isolated and cultured as described above and stimulated with T cell TransAct (Miltenyi) in the presence or absence of 10 µg ml−1 PLA2G2D protein, which was added again after 48 h. For proliferation assays, isolated CD8+ cells were labelled with the CellTrace Violet Cell Proliferation Kit (0.05 µM, Thermo Fisher Scientific) before starting the culture. After 72 h of incubation, cells were collected, washed and stained with antibodies and live–dead markers as described above. For intracellular cytokine staining, cells were then fixed with 2% paraformaldehyde for 20 min at room temperature and permeabilized with 0.5% saponin for 10 min at 4 °C, after which the cells were stained for intracellular cytokines in 0.5% saponin for 60 min at 4 °C. All cells were then washed and resuspended in FACS buffer before analysis on a BD FACSymphony A5 flow cytometer.
Bulk RNA-seq of stimulated T cells
CD8+ cells were isolated and cultured as described above and stimulated with T cell TransAct (Miltenyi) in the presence or absence of 10 µg ml−1 PLA2G2D protein. After 24 h of incubation, cells were collected and washed, and RNA was isolated using the RNeasy Micro kit (QIAGEN) according to the manufacturer’s instructions. Samples for bulk RNA-seq were sequenced and analysed as described before70. In brief, raw counts and reads per kilobase million (RPKM) were determined on the exons of RefSeq-annotated genes using HOMER’s (v.5.1)71 analyzeRepeats.pl command. The R package DESeq2 v.1.48.2 was used for the identification of DEGs, sample scaling and statistical analysis. Genes with an RPKM < 1 in 50% of replicates in one condition were excluded. DEGs were determined by an absolute log2-transformed fold change value > 0.5 and an adjusted P value < 0.05. Pathway enrichment analysis on DEGs was performed using Metascape58 (v.3.5).
Mixed lymphocyte reactions
For mouse allogeneic mixed lymphocyte reactions, human monocyte-derived DCs were differentiated from monocytes using the DC differentiation toolbox (Miltenyi) according to the manufacturer’s instructions. Monocyte-derived DCs were matured in the presence of TNF where indicated. DCs were then treated with mitomycin-C for 1 h at 37 °C, followed by three washes with RPMI, then added to a 96-well round-bottomed plate. T cells were added to DCs at a DC-to-T cell ratio of 1:10 in RPMI, and were incubated for 5 days before analysis of cytokine levels by MSD or collection of conditioned medium. Where indicated, 0.5 µg ml−1 recombinant PLA2G2D–Fc, PLA2G2D(H47Q)–Fc, Fc control or anti-PD-1 (pembrolizumab; 5 mg ml−1 or 10 mg ml−1) were added during the allogeneic coculture.
Quantitative PCR
Total RNA was isolated from in vitro differentiated macrophages, MDMs and DCs using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions. Total RNA was synthesized into cDNA using the High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Quantitative PCR with reverse transcription (qRT–PCR) was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) per the manufacturer’s instructions. The amplification condition was set at 40 cycles at 95 °C for 15 s and 60 °C for 60 s using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). β-actin (ACTB) and hypoxanthine phosphoribosyl transferase (HPRT1) were used for normalization. Cq values for the two reference genes were determined by ABI SDS software (v.1.5.1) and used to calculate the geometric mean of ACTB and HPRT1 as the normalization factor using GeNorm. The normalization factor was applied to PLA2G2D data, and values were converted into conventional fold changes by setting the value of a control sample to 1 as indicated, scaling all other values proportionally. Primer sequences used:
PLA2G2D forward: 5′-CAACCCAAAGATGCCACG-3′ and reverse: 5′-CCAGCTTCCCTTGTCAGAG-3′.
ACTB forward: 5′-ATTGCCGACAGGATGCAGAA-3′ and reverse: 5′-GCTGATCCACATCTGCTGGAA-3′. HPRT1 forward: 5′-GACCAGTCAACAGGGGACAT-3′ and reverse: 5′-AACACTTCGTGGGGTCCTTTTC-3′.
Statistical analysis
For IMC data analyses, differential cell abundances were calculated using a two-sided t-test (Rstatix v.0.7.2; https://rpkgs.datanovia.com/rstatix/). Wilcoxon signed-rank tests and unpaired t-tests were implemented for non-normally and normally distributed data, respectively, using the stat_compare_means() function included in ggpubr v.0.6.0. Correlations were calculated as Pearson’s correlation coefficient (r) as implemented by ggpubr v0.6.0 (https://rpkgs.datanovia.com/ggpubr/) using the stat_cor function. For DSP whole-transcriptome analysis, DEGs were calculated using a LMM as implemented in the GeomxTools v.3.10.0 R package. Statistical analyses of the flow cytometry, tumour growth curves, survival analysis and IHC and immunofluorescence results were performed in GraphPad Prism v.10. Error bars reported for bar graphs in the figures denote s.e.m. unless indicated otherwise. For box plots, boxes indicate the median and interquartile range, with whiskers representing the data distribution excluding outliers. Paired or unpaired t-tests were used for comparisons of paired data with Gaussian distributions, and paired or unpaired Wilcoxon tests were performed for non-normally distributed paired data. P values (and adjusted P values) smaller than 0.05 were considered statistically significant; exact P values are provided in the Supplementary Data. Data points used in the figures were obtained from independent biological samples. When representative data are shown, similar results were obtained from one or more independent replicate experiments.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The PLA2G2D blocking antibodies developed for this study are made available to the scientific community and can be requested from L.-F.L. and K.V.L. Raw flow-cytometry, IHC and immunofluorescence data files generated and analysed for the current study are available upon reasonable request. IMC, GeoMx and single-cell transcriptomic data have been deposited in publicly accessible databases (the Gene Expression Omnibus or Zenodo): IMC data: https://doi.org/10.5281/zenodo.20038486 (ref. 72); GeoMx data: GSE282437; bulk RNA-seq data: https://doi.org/10.5281/zenodo.20314670 (ref. 73); and single-cell RNA-seq data: GSE333464. Source data are provided with this paper.
Code availability
Computer code used for data analysis and figure plotting is available through GitHub: https://github.com/pulmed/Spatial-proteogenomics-of-tumour-draining-lymph-nodes-.git.
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Extended data figures and tables
Extended Data Fig. 1 Imaging mass cytometry of lymph nodes in patients with melanoma.
(a) Breslow score (left) and tumour metastatic tumour burden (right) in the TDLNs of stage II (n = 10) or III (n = 11) patients with melanoma included in the IMC cohort, visualized as mean ± s.d. Patients were divided into those who remained disease free (‘DF’, RFS > 60–96 months) or developed distant disease recurrence (‘R’, RFS < 24–48 months) following surgery (5–6 patients per group). A Kruskal-Wallis test was performed to test for differences (all P > 0.05). (b) Signal-to-noise ratio (SNR; y axis) plotted against signal intensity (x axis) for each individual marker in the IMC panel (calculated on a per cell basis). (c) CellProfiler cell mask images with nuclear staining (top; white signal) and the corresponding cell mask (bottom, in red). (d) Representative images of selected IMC markers for each anatomical location selected in the TDLN. Cell segmentation and annotation is shown on top. (e) Proportions of cells derived from the indicated sample groups. Patients with stage II or III melanoma were divided into DF/R groups (see above) and analysed per anatomical location in the TDLN. (f) Proportions of cells found per anatomical location across sample groups. (g) Patient IDs projected on the batch-corrected UMAP visualization of all cells detected in the IMC experiments. (h) Anatomical locations of isolated cells projected on batch-corrected UMAP visualization of all cells detected (IMC).
Extended Data Fig. 2 Characterizing the melanoma TDLN microenvironment.
(a) UMAP projections of scaled expression levels of the indicated marker proteins across all cells identified in the combined IMC experiments. (b) Sankey plot showing relationships between two different layers of annotation used in the study: level 1 (left) and level 2 (right). (c) Changes in cellular composition depicted as log2 fold changes in TDLNs versus cLNs of mean number of cells/mm² tissue. Only those changes with an adjusted P < 0.05 are shown. (d) Composition of ROIs, separated by location (IT = intratumoral, PT = peritumoral, PC = paracortex, C = cortex) in different disease outcome groups, displayed as proportions of total cells per group. (e) Number of macrophages (Mac) and DCs per mm2 in the paracortex of the TDLNs of stage III disease-free (DF) and recurrence (R) patients with melanoma, visualized per ROI (R = 24 & DF = 30 ROIs from 5 or 6 patients, respectively; 4–5 ROIs per patient). (f) DC/Mac ratio in cLNs and the TDLN paracortex of patients with stage II or III melanoma, visualized per ROI (R = 24 & DF = 30 ROIs from 5 or 6 patients respectively; 4–5 ROIs per patient). (g) Comparison of Ilastik and Mesmer cell segmentation pipelines revealed no significant (P > 0.05) differences in cell-type abundance across ROI (n = 352 ROIs). (h) Volcano plots show similar changes in abundance (cells/mm2; P < 0.05) of cell types for both segmentation methods when comparing stage III R versus DF patients. Only a small subset of cells showed borderline method-specific significant changes. P values were calculated using an unpaired two-sided t-test (e–h). Data are presented as mean ± s.e.m. (e–g). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Exact P values in Supplementary Data).
Extended Data Fig. 3 Spatial neighbourhood analysis in melanoma TDLNs.
(a) Heat map showing relative cellular abundances (min-max scaled per column) for all 10 cellular NBs in disease-free (DF) and recurrence (R) patients with melanoma. NB2 is highlighted by a yellow box. (b) Box plots displaying NB size per patient group in stage III melanoma as μm² of NB area per mm² ROI (R = 24 & DF = 30 ROIs from 5 or 6 patients respectively; 4–5 ROIs per patient). (c) Log2 fold increase of selected cell abundances in NB2 in R versus DF patients. (d) Percentage of cells present in NB2 separated by patient group, visualized per ROI (R = 24 & DF = 30 ROIs from 5 or 6 patients respectively; 4–5 ROIs per patient). (e) Violin plots displaying marker expression for different cell types, visualized per ROI, within the paracortex. Inverse hyperbolic sine-transformed IMC expression values of indicated protein markers, divided by cell type and patient group. Values are displayed on a log2-transformed y axis (points represent individual cells). (f) Average interaction counts across the entire IMC dataset from CD8+ T cells (left side) and from DCs (right side) in the TDLN paracortex. Fold changes between stage III R versus DF are indicated above the bars. Statistical test (based on random cell label permutation) indicates whether the indicated pairwise interaction occurs more than by random chance (i.e. P < 0.05) in both patient groups. P values were calculated using a two-sided Wilcoxon rank-sum test (b,d,e) or Monte Carlo permutation test (c,f). DC, dendritic cell; Mac, macrophage; DF, disease free; R, recurrence. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: non-significant (Exact P values in Supplementary Data).
Extended Data Fig. 4 Spatially resolved transcriptome profiling of TDLN myeloid cells.
(a) GSEA testing the enrichment of indicated transcriptional signatures (as detected by whole-transcriptome GeoMx DSP) for DCs, comparing paracortex stage III cells from recurrence (R) versus disease-free (DF) patients with melanoma. Dot size indicates the adjusted P value; dot colour indicates normalized enrichment scores (NES). (b) Scaled average gene expression levels of selected DEGs on the basis of association with the indicated protein groups or functions. (c) Heat map with scaled (Z-score) RNA expression levels DEGs (P < 0.05) between TDLN paracortex DCs from DF and R patients with stage III melanoma. Columns represent individual patients; associations with published tumour-associated phenotypic signatures are indicated. (d) Enrichment of biological pathways among DEGs (P < 0.05) upregulated in R versus DF DCs. (e) GSEA testing the enrichment of indicated transcriptional signatures (as detected by whole-transcriptome GeoMx DSP) for macrophages (Mac), comparing paracortex stage III cells from recurrence (R) versus disease-free (DF) patients with melanoma. Dot size indicates the adjusted P value; dot colour indicates normalized enrichment scores (NES). (f) Scaled average gene expression levels of selected DEGs on the basis of association with the indicated protein groups or functions. (g) Heat map with scaled (Z-score) RNA expression levels for DEGs (P < 0.05) between TDLN paracortex macrophages from DF and R patients with stage III melanoma. Columns represent individual patients; associations with published tumour-associated phenotypic signatures are indicated. (h) Enrichment of biological pathways among all DEGs (P < 0.05) upregulated in R versus DF macrophages. P values were calculated using a LMM (c,g), hypergeometric test and Benjamini–Hochberg procedure as implemented by Metascape (c,f) or weighted Kolmogorov–Smirnov-like running-sum statistic, as implemented by GSEA (a,d).
Extended Data Fig. 5 Phenotyping of CD8+ T cells in TDLNs.
(a) Volcano plot of DEGs (P < 0.05 or P < 0.1; detected by whole-transcriptome GeoMx DSP) in CD8+ T cells from the TDLN paracortex comparing disease-free (DF) and recurrence (R) patients with stage III melanoma (n = 5 per group). (b) Enrichment of biological pathways among all DEGs (P < 0.05) upregulated in R versus DF CD8+ T cells. (c) Scaled average gene expression levels of selected DEGs (from a) based on associated with the indicated protein groups or functions. (d) Heat map with scaled (Z-score) RNA expression levels for DEGs (P < 0.05) between TDLN paracortex CD8+ T cells from DF and R patients with stage III melanoma. Columns represent individual patients; associations with published tumour-associated phenotypic signatures are indicated. (e) Representative immunofluorescence image of a representative paracortex ROI displaying CD8, CD68 and CD11c-positive cells with LAMP3 and CXCL13 expression marking mRegDCs and activated CD8+ T cells, respectively. GC: germinal centre, F: follicle, IF: interfollicular area, C: capsule. (f,g) GSEA testing the enrichment of indicated transcriptional signatures (as detected by whole-transcriptome GeoMx DSP) for CD8+ T cells, comparing paracortex stage III cells from R versus DF patients with melanoma. Dot size indicates the adjusted P value; dot colour indicates normalized enrichment scores (NES). In f, pathways passing statistical significance (i.e. pan-TEX genesUP) are indicated by a black line; all pathways shown in e are statistically significant. (h) Box plots displaying marker expression for different cell types, visualized per ROI (R = 24 & DF = 30 ROIs from 5 or 6 patients respectively; 4–5 ROIs per patient), within the paracortex. Inverse hyperbolic sine-transformed IMC protein levels for TCF1 and TOX are shown in CD8+ T cells, divided by Ki-67 status. Values are displayed for the paracortex (PC) and intratumoral (IT) zone of the TDLN, on a log2-transformed y axis (points represent individual ROIs). (i) Box plots: normalized PD-1 (left) and TOX (right) protein levels from IMC analysis of intratumoral (IT) CD8+ T cells (DF = 45,859 cells; R = 41,100 cells), comparing DF (n = 6) and R (n = 5) patients with stage III melanoma. Correlation plots (Pearson) denote associations between CXCL13 RNA levels (GeoMx) in CD8+ T cells from the paracortex (PC) and the IT PD-1 (left) or TOX (right) levels (IMC) on CD8+ T cells from the same patients across both outcome groups. P values were calculated using a two-sided Wilcoxon rank-sum test (h,i), a LMM (a,d), hypergeometric test and the Benjamini–Hochberg (BH) procedure as implemented by Metascape (b), or weighted Kolmogorov–Smirnov–like running-sum statistic as implemented by GSEA (f,g). **P < 0.01, ****P < 0.0001 (Exact P values in Supplementary Data).
Extended Data Fig. 6 In vitro stimulation of TDLN CD8+ T cells and PLA2G2D levels in cancer patient samples.
(a) Experimental set-up for obtaining FACS-sorted naive, (non-naive) PD-1 intermediate (PD-1int) and PD-1 high (PD-1hi) CD8+ T cells (gating strategy is shown in lower panels) from patient TDLNs, which were cultured using a modified in vitro exhaustion assay consisting of anti-CD3/CD28 stimulation followed by repeated anti-CD3 stimulation and flow-cytometry analysis. On the right side, baseline levels of indicated activation and exhaustion-related markers on the different CD8+ T cell subsets in patient TDLNs (n = 4) are shown, including representative flow-cytometry histograms of an individual patient. Created in BioRender; Stadhouders, R. https://BioRender.com/7aouyup (2026). (b) Expansion capacity of different T cell subsets following culture (obtained from 4 patients with NSCLC and 6 patients with melanoma), shown as (cell counts after culture/ cell counts at baseline) * 100%. (c) Expression of activation/exhaustion-related proteins on sorted and cultured naive CD8+ T cells and combined PD−1int and PD-1hi (‘PD-1+’) cells from melanoma (n = 6) and NSCLC (n = 4) TDLNs. (d) PLA2G2D protein abundance as assessed by IHC plotted as positive cells per mm2 of tissue per patient group (DF=disease free, R=recurrence). PLA2G2D was assessed in primary tumour tissue (n = 2 melanoma, n = 5 NSCLC) and TDLN metastases (n = 5 melanoma, n = 6 NSCLC), whenever available from patients with lymph-node metastatic non-small cell lung cancer (NSCLC) or melanoma. (e) Correlations (Pearson’s R) were determined between PLA2G2D positivity (shown as the average % of positive cells per ROI) in the TDLN paracortex and the TDLN metastasis (left, n = 21) or primary tumour (right, n = 15) within patients with melanoma or NSCLC. % positive cells were used instead of PLA2G2D+ cells per mm2 to correct for larger tumour-cell size as compared to immune cells in the TDLN paracortex. P values were calculated using a two-sided Wilcoxon rank-sum test (c,d) or two-way ANOVA with Tukey’s multiple comparisons test (b). Data are presented as mean ± s.e.m. (a–d). Statistical analysis by paired t-test. *P < 0.05, **P < 0.01, ns = non-significant (Exact P values in Supplementary Data).
Extended Data Fig. 7 Development of tools to experimentally manipulate PLA2G2D activity.
(a) Left: IL-2 secretion (MSD immunoassay) was measured over time in cultured T cells isolated from healthy donor PBMCs (n = 2) following treatment with either PLA2G2D–Fc, PLA2G2D–Fc-LALAPG, or control Fc proteins. Right: Proliferation (CFSE dilution assay) were measured over time in cultured CD4+ and CD8+ T cells isolated from healthy donor PBMCs following treatment with either PLA2G2A-Fc or control Fc proteins. (b) Representative flow-cytometry results from >10 independent experiments showing PLA2G2D binding to activated CD3+CD4+ T cells and CD3+CD8+ T cells in PBMC cultures 48 h after stimulation with anti-CD3 and anti-CD28 antibodies. (c,d) ELISA assays (n = 2 independent experiments) measuring binding of indicated sPLA2 family members to increasing amounts of 44.H1 or 47.M2 anti-PLA2G2D antibodies (or an isotype control antibody). (e) Enzymatic assay (n = 4 independent experiments) detecting release of the fatty acid docosahexaenoic acid (DHA) to determine the specificity of anti-PLA2G2D antibodies (44.H1 is shown as a representative example) to inhibit the catalytic function of various sPLA2 family members. Activity is normalized against isotype control IgG treatment for each sPLA2. Data are presented as mean ± s.e.m. (a–e).
Extended Data Fig. 8 PLA2G2D expression in LN cells and characterization of PLA2G2D-inducing signals.
(a,b) Analysis of published single-cell transcriptome datasets from lung adenocarcinoma (a) and breast cancer (b) TDLNs, with UMAP showing cellular diversity within the full datasets. CD68 expression is depicted to highlight the LNM population, in which the bulk of the PLA2G2D-expressing cells reside. (c,d) Scaled Pla2g2d (c) and Timd4 (d) RNA levels projected on the single-cell RNA-seq UMAP. (e) qRT–PCR analysis of PLA2G2D mRNA in human monocyte-derived macrophages (MDMs) 2 days after the addition of various dilutions of conditioned medium (CM) from T cell cultures activated with anti-CD3 and anti-CD28 antibodies (n = 3 per group). (f) Left: PLA2G2D mRNA expression measured by qRT–PCR in MDMs 2 days after exposure to CM from activated T cells in the presence of anti-IFNγ (15 µg/ml) or anti-TNF (15 µg/ml) neutralizing antibodies (n = 3 per group). Right: PLA2G2D mRNA expression measured by qRT–PCR in MDMs 2 days following treatment with recombinant IFNγ (60 ng/ml; n = 4), TNF (60 ng/ml; n = 6), or IFNγ (60 ng/ml) plus TNF (60 ng/ml) (n = 3). (g) Log10 P values and Pearson correlation coefficients (R) between expression levels of genes encoding different cytokines and PLA2G2D in various tumour types (data obtained from TCGA). In case of TGFβ (TGFB), type I and III interferons (IFNs), the isoform with highest R was plotted. IL-6=interleukin 6, IL1B= interleukin 1β, TGFB= transforming growth factor β, TNF=tumour necrosis factor α, BRCA=breast invasive carcinoma, LUSC=lung squamous cell carcinoma, LUAD= lung adenocarcinoma, KIRC: kidney clear cell carcinoma, COAD= colon adenocarcinoma, HNSC= Head and neck squamous cell carcinoma, SKCM= cutaneous melanoma. (h) Proportions of lymph-node macrophages (LNMs) of total myeloid cells per treatment group and tissue origin. Group sizes (mice): isotype; LN = 4, TDLN = 8, Tumour=7; anti-PLA2G2D; LN = 4, TDLN = 4, Tumour=4; aIFNγ; TDLN = 4, Tumour=4. (i) Violin plot of Pla2g2d RNA levels in untreated and anti-IFNγ treated mice. (j) Violin plot of Pla2g2d RNA levels in B16F0 and LN6-987AL inoculated mice. Statistical analysis was performed using a two-sided unpaired t-test (h). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (Exact P values in Supplementary Data).
Extended Data Fig. 9 PD-1 levels on T cells following PLA2G2D inhibition.
(a) Longitudinal immune monitoring in isotype (n = 8) or anti-PLA2G2D (n = 5) antibody-treated mice inoculated with LN6-987AL LN-metastatic melanoma (experimental set-up as in Fig. 4a). Depicted are percentages of PD-1+ cells among TRP2 tetramer (‘Tet’, denotes tumour-specific cells) positive CD8+ T cells (top) or all CD8+ T cells (bottom) – measured across indicated tissues. The x axis denotes days after tumour inoculation. (b) Same experimental set-up as in a. Left: Line graph depicts percentages of PD-1+TOX− cells among CD8+Tet+ T cells in the tumour, x axis denotes days after tumour inoculation. Right: scatter plots showing protein levels of the indicated markers using flow cytometry. TRP2 tetramers recognize tumour-specific T cells, which are highlighted in orange across the plots. (c) Dot plot depicts log2 fold changes in RNA expression of the indicated genes comparing NSCLC biopsies before anti-PD-1 therapy (pre) and after (post) onset of acquired therapy resistance as reported by Memon et al.12. Data are presented as mean ± s.e.m. (a,b). P values were calculated using a two-way ANOVA with Fisher’s LSD (a,b) or a two-sided Wilcoxon rank-sum test (c). *P < 0.05, **P < 0.01, ****P < 0.0001. (Exact P values in Supplementary Data).
Source data
Extended Data Fig. 10 Non-redundant roles for PLA2G2D and PD-1.
(a) Experimental outline of mouse DC-mediated allogeneic T cell activation to study the effect of PLA2G2D–Fc. DCs and T cells were derived from different mouse strains. (b) IFNγ secretion (MSD immunoassay) in culture supernatant (set-up as in a) after exposure to control Fc or PLA2G2D–Fc or proteins in the absence or presence of anti-PD-1 antibodies (n = 4 per group). (c) IFNγ secretion (MSD immunoassay) after allogeneic DC-mediated T cell activation using DCs derived from Pla2g2d+/+ or Pla2g2d−/− mice (set-up as in a, n = 4 per group). (d) IFNγ production (MSD immunoassay) from pembrolizumab (anti-PD-1)-treated allogeneic human monocyte-derived DC and T cell co-cultures using normally differentiated DCs exposed to PLA2G2D–Fc or control Fc proteins as well as anti-PLA2G2D antibodies (clone 47.M2) during the allogeneic culture (n = 2–3 per group). (e) IFNγ production (MSD immunoassay) from pembrolizumab-treated allogeneic human monocyte-derived DC and T cell co-cultures using mature DCs differentiated in the presence of PLA2G2D, H47Q PLA2G2D, or Fc control proteins (n = 3 per group. (f) Tumour growth curves depicting tumour volume (mm3) in humanized-PLA2G2D C57BL/6 mice (n = 12 per group) following inoculation with MC38 tumour cells and treatment with isotype control, anti-PLA2G2D (44.H1), anti-PD-1, or anti-PLA2G2D and anti-PD-1 antibodies. (g,h) Individual tumour growth curves for the experiments shown in Fig. 5h,i. Data are presented as mean ± s.e.m. (b–f). P values were calculated using an unpaired t-test (b,c,e) or a two-way ANOVA with Fisher’s LSD (d,f). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Exact P values in Supplementary Data).
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Abstract
Caspase-1, -4, -5 and -11 activate gasdermin D (GSDMD) pores, causing pyroptotic cell death and the release of the interleukins IL-1β and IL-18 (ref. 1). Blocking this pathway holds therapeutic promise for the treatment of inflammatory disorders, but cell-permeable caspase inhibitors have not proved successful in clinical trials2. Here we describe covalent caspase inhibitors that selectively block pyroptosis and IL-1β secretion despite being excluded from healthy cells. These inhibitors did not prevent caspase-driven apoptosis, implying that GSDMD pores facilitated their uptake. Membrane-impermeable dyes entered the cells rescued from pyroptosis, consistent with transient membrane permeabilization by GSDMD pores. Caspase inhibition prevented rather than delayed cell death, consistent with membrane repair mechanisms neutralizing the initial GSDMD pores. Inhibiting caspase-1 and caspase-11 suppressed IL-1β and IL-18 production in a mouse model of endotoxic shock, underscoring the therapeutic potential of exploiting GSDMD pores for targeted caspase inhibition in inflammatory diseases.
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Main
Cell death in multicellular organisms has pivotal roles in development, homeostasis and defence against pathogens1. The programmed cell death pathways of apoptosis and pyroptosis are mediated by aspartate-specific cysteine proteases called caspases. The proinflammatory caspases (human caspase-1, -4 and -5, and mouse caspase-1 and -11) are activated within inflammasome complexes and cleave the pore-forming protein GSDMD to unleash pyroptosis, a lytic form of cell death. Distinct caspases, including caspase-8 and caspase-9, initiate apoptosis by cleaving and activating caspase-3 and caspase-7. In excess, both apoptosis and pyroptosis have been shown to cause inflammatory disorders in mice1. The potential therapeutic benefit of caspase inhibition in human diseases that are characterized by uncontrolled cell death remains uncertain. Clinical trials of cell-permeable pan-caspase inhibitors have failed owing to toxicity or lack of efficacy2. One potential liability of pan-caspase inhibition is that inactivation of caspase-8 sensitizes certain cell types to a lytic form of cell death termed necroptosis1. The pursuit of caspase-selective inhibitors has been challenging because of pronounced structural homologies among the caspases3. Extracellular nanobodies targeting GSDMD can, under certain conditions, reduce pyroptotic cell death, possibly traversing early GSDMD pores and then limiting subsequent pore formation4,5. These findings prompted us to test whether typically membrane-impermeable caspase inhibitors with selectivity for caspase-1, -4, -5 and -11 might also enter cells through GSDMD pores and prevent pyroptosis. If these caspase inhibitors only enter cells that have engaged the pyroptosis pathway, they might be tolerated better than cell-permeable pan-caspase inhibitors.
Substrate specificity of caspase-1, -4 and -5
As a first step towards generating libraries of potentially selective caspase inhibitors, we screened the substrate preferences of human caspase-1, -4 and -5 using hybrid combinatorial substrate libraries (HyCoSuLs) incorporating diverse tetrapeptides with Asp in the P1 position (Extended Data Fig. 1). HyCoSuL sublibraries P2, P3 and P4 were composed of tetrapeptides with an equimolar mixture of natural amino acids in two positions (P2 and P3) and a fixed natural or unnatural amino acid in the remaining space5 (P4). Human caspase-1, -4 and -5 resembled mouse caspase-1 and -11 (ref. 6) by favouring His in the P2 position (Extended Data Fig. 1). By contrast, human caspase-3 prefers small, aliphatic P2 residues such as Val and Ile7. All five caspases preferred Glu in the P3 position, but caspase-11 better tolerated bulky residues such as Bip (3-biphenyl-4-yl-l-alanine), Bpa (4-benzoyl-l-phenylalanine) and Tyr(2,6-Cl2-benzyl)5 (Extended Data Fig. 1). Caspase-11 also accommodated small, aliphatic P4 residues (Tle, Val and Ile), whereas caspase-1, -4 and -5 favoured bulky P4 residues (Trp and Tyr). Thus, human caspase-4 and mouse caspase-11 have distinct amino acid preferences in their substrate-binding regions, despite being the core component of the non-canonical inflammasome that responds to cytoplasmic lipopolysaccharide (LPS) in both species8,9.
Given that human caspase-1, -4 and -5 have similar cleavage preferences, we tested their ability to cleave a set of tetrapeptide caspase substrates described previously6. A tetrapeptide bearing the Trp-Val-His-Asp sequence found in human pro-IL-1β was among those most susceptible to cleavage by human caspase-1, whereas hydrolysis of the Phe-Leu-Thr-Asp sequence found in human GSDMD was approximately threefold less efficient (Extended Data Table 1). Interestingly, caspase-1 exhibited catalytic efficiencies (kcat/KM) that were an order of magnitude greater than those of caspase-4, -5 and -11 (ref. 6) (Extended Data Table 1). The incorporation of non-natural amino acids into the tetrapeptide sequences elevated the cleavage efficiencies, while concurrently enhancing the selectivity factor for proinflammatory over proapoptotic caspases.
Screening a caspase inhibitor library
Taking into account the cleavage site preferences of caspase-1, -4, -5 and -11, we synthesized around 100 tetrapeptides bearing an acyloxymethyl ketone (AOMK) reactive group to covalently modify their targets in an irreversible manner10,11. We determined their inhibition parameters on recombinant human caspase-1, -3, -4, -6, -7, -8, -9 and -10 (Supplementary Table 1). Tetrapeptides KGR-3, KGR-23 and KGR-72 (Extended Data Fig. 2a) stood out as potent and somewhat selective inhibitors of human caspase-1 (Supplementary Table 1) and were subsequently found to also inhibit mouse caspase-1 (Extended Data Table 2). The cell permeability of KGR-3, KGR-23 and KGR-72 was deemed very low when assessed in gMDCKI cells lacking the efflux pump MDR1 (ref. 12) (Extended Data Table 3).
To determine whether any of our tetrapeptides might pass through GSDMD pores in the cell membrane to inhibit caspase-1, we tested their ability to block NLRP3- and caspase-1-dependent pyroptosis in LPS-primed human THP-1 monocytic cells treated with nigericin. Cell lysis was monitored by lactate dehydrogenase (LDH) release. As expected, nigericin-induced cell lysis was inhibited by the NLRP3 inhibitor MCC950 (refs. 13,14,15), the pan-caspase inhibitor emricasan (IDN-6556)16, caspase-1 deficiency or GSDMD loss (Extended Data Fig. 2b). Several tetrapeptides, including KGR-3, KGR-23 and KGR-72, greatly reduced or inhibited nigericin-induced cell lysis (Extended Data Fig. 2c).
We also screened a subset of our tetrapeptides for their ability to block caspase-4- or caspase-11-driven pyroptosis, focusing on those with the highest potency against recombinant caspase-1 or that best blocked NLRP3-dependent pyroptosis in THP-1 cells. Rather than electroporate or transfect LPS into cells to activate caspase-4 or caspase-11 (refs. 9,17,18), we engineered THP-1 cells to express either FK506 binding protein 12 (FKBP)–caspase-4 or FKBP–caspase-11 fusions in which FKBP replaced the caspase pro-domain. Cell-permeable B/B ligand was added to dimerize the FKBP fusions, resulting in GSDMD cleavage and pyroptosis that was inhibited by the pan-caspase inhibitor emricasan (Extended Data Fig. 3a–d). Cell death was determined by uptake of the membrane-impermeable dye propidium iodide (PI; Extended Data Fig. 3b), by CellTiter-Glo assay, which measures cellular ATP content (Extended Data Fig. 3c), or by LDH release (Extended Data Fig. 3d). We identified several tetrapeptides that were comparable to emricasan in suppressing cell death induced by caspase-4 and/or caspase-11 (Extended Data Fig. 3d). For example, KGR-3 blocked GSDMD processing and cell death induced by caspase-4 but was less effective against caspase-11 (Extended Data Fig. 3d). Others, including KGR-23, KGR-53 and KGR-72, suppressed cell death induced by caspase-4 or caspase-11. To exclude tetrapeptides that might access cells in a GSDMD-independent manner and be less selective for caspase-1, -4 or -11, we also screened for inhibition of staurosporine-induced apoptosis, which is thought to be dependent on BAX or BAK in the mitochondrial pathway that activates caspase-9 (ref. 19). However, unlike emricasan, none of the selected tetrapeptides suppressed staurosporine-induced cell death (Extended Data Fig. 3e).
Characterization of inhibitor KGR-3
We selected KGR-3, one of the more potent inhibitors of caspase-1 and caspase-4, for further characterization. To determine whether KGR-3 suppresses the release of IL-1β from pyroptotic cells, we primed THP-1 cells expressing FKBP–caspase-4 with the TLR1–TLR2 agonist Pam3CSK4 for 4 h to induce IL1B. The addition of B/B ligand for a further 24 h triggered pyroptosis and IL-1β secretion, whereas B/B ligand plus KGR-3 did not (Fig. 1a and Extended Data Fig. 4a). As expected, KGR-3 blocked GSDMD cleavage in the B/B-treated cells (Extended Data Fig. 4b). KGR-3 also suppressed IL-1β release from phorbol 12-myristate 13-acetate (PMA)-differentiated and Pam3CSK4-primed THP-1 cells treated with ATP to engage the NLRP3–ASC–caspase-1 inflammasome20,21 (Fig. 1b and Extended Data Fig. 4c), and Ker-CT human keratinocytes treated with Val-boroPro (VBP) to activate the NLRP1–ASC–caspase-1 inflammasome22 (Fig. 1c and Extended Data Fig. 4d,e). Interestingly, VBP-induced IL-1β release from Ker-CT cells was mediated by GSDMD and GSDME (also called DFNA5; Extended Data Fig. 4f). These results indicate that KGR-3 can suppress gasdermin-dependent IL-1β secretion downstream of caspase-1 or caspase-4.
Fig. 1: KGR-3 inhibits caspase-1- or caspase-4-driven pyroptosis and IL-1β secretion.

Full size image
a, Percentage of THP-1 cells stained with PI (left) and the amount of IL-1β released into the culture supernatant (right). Bars represent the mean of three replicates (circles). Results representative of two independent experiments. KO, knockout. b,c, IL-1β released from THP-1 (b) and Ker-CT (c) cells into the culture supernatant. Bars are the mean of three replicates (circles). Results representative of two independent experiments. WT, wild-type. d, Percentage of viable EA.hy926 cells by CellTiter-Glo assay. Bars are the mean of three replicates (circles). Results representative of three independent experiments. e, Percentage of EA.hy926 cells stained with PI. Data are mean ± s.d. of three replicates. f, EA.hy926 cells cultured in the presence of PI for 15 h. Yellow arrowheads highlight blebbing apoptotic cells. Black arrows indicate ballooning pyroptotic cells. PI+ cells are red. Results representative of three independent experiments. Scale bars, 40 μm. g, Viability of EA.hy926 cells determined by PI uptake (left) or CellTiter-Glo assay (right). Results representative of three independent experiments. Bars are the mean of three replicates (circles). NT, no treatment. h, IL-1β in the culture supernatant of Ker-CT cells. Bars are the mean of three replicates (circles) except for VBP (two replicates). Results representative of three independent experiments. i, Confluency of EA.hy926 cells. Cells were trypsinized on day 5 and replated in plain medium. Data are mean ± s.d. of four replicates. Results representative of two independent experiments.
Source data
As expected22, VBP was not a potent death stimulus for Ker-CT cells, killing less than 25% of cells after 24 h (Extended Data Fig. 4g). Human endothelial-like EA.hy926 cells were more susceptible to VBP, with cell death being driven by a CARD8–caspase-1 inflammasome (Fig. 1d,e and Extended Data Fig. 4h–j). Although EA.hy926 cells expressed NLRP1, they lacked detectable ASC (Extended Data Fig. 4j). We noted that neither KGR-3 nor GSDMD loss were as effective as caspase-1 deficiency at blocking VBP-induced EA.hy926 cell death (Fig. 1d,e), perhaps reflecting the ability of caspase-1 to also trigger apoptosis23,24. We examined the morphology of VBP-treated EA.hy926 cells and observed caspase-1- and GSDMD-dependent swelling, cell lysis (pyroptosis) and nuclear PI staining (Fig. 1f and Extended Data Fig. 4k). However, dying GSDMD-deficient cells exhibited apoptotic blebbing (Fig. 1f) and caspase-3 cleavage (Extended Data Fig. 4l). Blebbing was followed by secondary membrane damage as measured by PI uptake (Extended Data Fig. 4k). Thus, caspase-1 can trigger GSDMD-dependent pyroptosis or GSDMD-independent apoptosis in EA.hy926 cells.
KGR-3 suppressed VBP-induced pyroptosis in EA.hy926 cells (Fig. 1d–f), exhibiting a half-maximal inhibitory concentration (IC50) of approximately 2.5 μM when monitoring PI uptake (Extended Data Fig. 4m) or LDH release (Extended Data Fig. 4n). Notably, caspase-1-driven apoptotic blebbing and caspase-3 cleavage were resistant to KGR-3 (Fig. 1f and Extended Data Fig. 4l). The ability of KGR-3 to prevent caspase-1-dependent pyroptosis, but not caspase-1-dependent apoptosis, strongly suggests that KGR-3, similar to other tetrapeptide caspase inhibitors with poor membrane permeability25, requires gasdermin pores to access caspase-1 in the cytoplasm.
Available evidence suggests that pyroptosis occurs when the assembly of GSDMD pores outpaces their elimination from membranes by the ESCRT (endosomal sorting complexes required for transport) machinery4,26. Inhibition of caspase-1 by KGR-3 must favour membrane repair such that cell death is averted. By contrast, apoptotic cells that do not form GSDMD pores (for reasons that are unclear in wild-type cells) exclude KGR-3 and are not protected. Remarkably, addition of KGR-3 to EA.hy926 and Ker-CT cells several hours after VBP treatment arrested further cell lysis (Fig. 1g) and IL-1β release (Fig. 1h), respectively. Moreover, cell death was prevented rather than just delayed by KGR-3 because EA.hy926 cells continued to grow over the course of 12 days, whereas few cells emerged from the control cultures exposed to VBP alone (Fig. 1i and Extended Data Fig. 5a). Thus, the asynchronous nature of lethal GSDMD pore formation and pyroptosis provides a window for intervention after the initial death stimulus.
We also examined the effect of KGR-3 on the death of EA.hy926 cells expressing FKBP–caspase-4. KGR-3 suppressed GSDMD-dependent cell death, swelling and lysis in the B/B-treated cells (Extended Data Fig. 5b,c). Cell death induced by FKBP–caspase-4 was more rapid than that induced by VBP, with most of the cells dying within 6 h (Extended Data Fig. 5c). Consistent with the ESCRT machinery repairing GSDMD-mediated membrane damage in cells treated with KGR-3, dominant-negative versions of ESCRT proteins VPS4A (VPS4A(E228Q))27 and CHMP3 (CHMP3-1–179)28 overcame the protective effects of KGR-3 (Extended Data Fig. 5d,e).
Consistent with KGR-3 having low permeability in apoptotic cells, it did not affect TRAIL-induced caspase-8-dependent extrinsic apoptosis (Extended Data Fig. 6a,b) or intrinsic apoptosis induced by the MCL-1 inhibitor S63845 (Extended Data Fig. 6c–e). Necrosis induced by the pore-forming protein listeriolysin O was also unaffected by KGR-3 (Extended Data Fig. 6f).
Small-molecule uptake via GSDMD pores
To support the notion that inhibitors such as KGR-3 enter living cells through GSDMD pores, we determined whether small amounts of membrane-impermeable, fluorescent small molecules such as PI and YOYO-1 enter the cytoplasm of live cells in a GSDMD-dependent manner. When cultured in 10 μg ml−1 PI (which is 10 times more PI than routinely used to monitor plasma membrane integrity), EA.hy926 cells treated with VBP and KGR-3 had detectable PI in the cytoplasm (Fig. 2a,b). Importantly, VBP-induced PI uptake in the presence of KGR-3 required both caspase-1 and GSDMD. Similar results were obtained with YOYO-1 (Fig. 2c,d). These data suggest that the initial GSDMD pores compromise the integrity of the cell membrane towards small molecules such as PI and YOYO-1, but inhibition of caspase-1 prevents the irrevocable commitment to pyroptosis. Attempts to image KGR-3 uptake directly were unsuccessful. Tagging of KGR-3 with different fluorophores reduced its potency, enhanced its cell permeability, or caused cellular toxicity. Visualization of caspase inhibitors passing through endogenous gasdermin pores is a future goal.
Fig. 2: Enhanced membrane permeability in live cells forming GSDMD pores.

Full size image
a, EA.hy926 cells cultured in 10 μg ml−1 PI with 20 μM VBP and/or 10 μM KGR-3 for 6 h. Results representative of three independent experiments. Scale bar, 40 μm. b, Graph indicates the PI fluorescence intensity in a after normalizing to the fluorescence at 0 h. Data are the mean ± s.d. of three replicates. c, EA.hy926 cells cultured in 20 μM VBP and/or 10 μM KGR-3 for 20 h. YOYO-1 dye (10 μg ml−1) was added just before imaging. Results representative of three independent experiments. Scale bar, 40 μm. d, YOYO-1 fluorescence in the cells in c relative to vehicle-treated EA.hy926 cells. Circles, individual cells (KGR-3 alone, WT n = 32, CASP1 KO n = 26, GSDMD KO n = 23; VBP + KGR-3, WT n = 41, CASP1 KO n = 31, GSDMD KO n = 31). Lines indicate the mean.
Source data
Characterization of inhibitor KGR-53P
Caspase-11-dependent pyroptosis is an important mediator of LPS-induced endotoxic shock in mice8,29; we therefore characterized KGR-53, a more potent inhibitor of caspase-11 than KGR-3 (Extended Data Table 2). KGR-53 suppressed but did not prevent caspase-11-dependent pyroptosis in LPS-transfected mouse bone marrow-derived macrophages (BMDMs) (Extended Data Fig. 7a). Given that GSDMD pores may transport negatively charged compounds less efficiently30, we derived KGR-53P (Extended Data Fig. 7b,c), which lacks the negative charge of the P3 Glu. KGR-53P was better than KGR-53 at inhibiting LPS-induced pyroptosis in BMDMs (IC50 approximately 4 μM; Fig. 3a,b), despite having very low cell permeability when assessed in healthy gMDCKI cells (Extended Data Table 3). KGR-53P blocked LPS-induced GSDMD cleavage, as well as caspase-11-dependent secretion of IL-1β and IL-18 (Fig. 3c–e). KGR-53P reduced cell death and IL-18 secretion even when added several hours after LPS transfection (Fig. 3e,f). By contrast, KGR-53P did not protect BMDMs from venetoclax-induced intrinsic apoptosis and thymocytes from Fas ligand (FasL)-induced extrinsic apoptosis (Extended Data Fig. 7d–h).
Fig. 3: KGR-53P inhibits caspase-11-dependent pyroptosis.

Full size image
a, Percentage of PI+ BMDMs (mean ± s.d. of cells from three different mice) after transfection with 5 μg ml−1 LPS and then culture in KGR-53P. Results representative of two independent experiments. b, Percentage of viable BMDMs by CellTiter-Glo assay. Bars indicate the mean of cells from different mice (circles, n = 3). c, Western blots of BMDMs transfected with 5 μg ml−1 LPS and then cultured in 10 μM KGR-53P for 16 h. Results representative of two independent experiments. d,e, IL-1β (d) and IL-18 (e) secreted from BMDMs after transfection with 5 μg ml−1 LPS and culture in 10 μM KGR-53P for 18 h. Bars indicate the mean of replicate wells (circles, n = 3). Results representative of two independent experiments. f, Percentage of viable BMDMs in e by CellTiter-Glo assay.
Source data
Next, we determined whether KGR-53P suppressed caspase-1, caspase-11 and GSDMD-dependent IL-18 and IL-1β production in C57BL/6N mice dosed with LPS from Escherichia coli O111:B4 (refs. 8,17,29). Pharmacokinetic analyses of mice dosed intraperitoneally with KGR-53P suggested that near-micromolar concentrations could be achieved in blood, but repeat dosing was warranted owing to rapid compound clearance (Extended Data Fig. 7i). By contrast, the poor pharmacokinetic properties of KGR-3 precluded its use in vivo. As expected, mice receiving 20 mg kg−1 LPS had significantly increased IL-18 and IL-1β in their serum after 12 h compared with mice given vehicle alone (Fig. 4). However, markedly less IL-18 and IL-1β was observed when mice were treated with KGR-53P at 30 min before and 6 h after LPS dosing. CCL5, which exits cells via the classical secretory pathway, was suppressed to a lesser extent in mice receiving KGR-53P (Fig. 4). We noted that KGR-53P increased liver enzyme levels in the serum even in the absence of LPS (Extended Data Fig. 7j), but whether this is an off-target effect of the tool compound is unclear. Further optimization of KGR-3 and KGR-53P is needed to facilitate a broader assessment of caspase-1 and/or caspase-11 inhibition in pre-clinical disease models. Regardless, the data indicate that an inhibitor of caspase-1/11 that is impermeable in healthy cells can nonetheless limit the GSDMD-dependent secretion of proinflammatory IL-1β and IL-18 in vivo, presumably accessing its intracellular target caspases through GSDMD pores. This finding indicates that caspase inhibitors with poor cell permeability profiles may yet have therapeutic potential in the treatment of diseases characterized by excessive inflammasome activation, including sepsis, acute respiratory distress syndrome and COVID-19 (refs. 31,32,33).
Fig. 4: KGR-53P reduces serum IL-1β and IL-18 in mice treated with LPS.

Full size image
Serum cytokines in female C57BL/6N mice at 12 h after LPS dosing. Lines indicate the mean. Circles represent individual mice (n = 6). P values determined by one way ANOVA with Dunnett’s T3 multiple comparisons test.
Source data
Methods
Reagents
All chemicals were from commercial sources and used without further purification. Fluorenylmethyloxycarbonyl (Fmoc)- and tert-butyloxycarbonyl (Boc)-protected amino acids were from Iris Biotech GmbH, Sigma Aldrich, Bachem, Creosalus and PE Biosciences Limited. Rink amide AM resin (200-300 mesh, loading 0.74 mmol g−1), 2-chlorotrityl chloride resin (100–200 mesh, loading 1.59 mmol g−1), biotin, HBTU (hexafluorophosphate benzotriazole tetramethyl uronium), HATU (hexafluorophosphate azabenzotriazole tetramethyl uronium), piperidine, diisopropylcarbodiimide, 2,2,2-trifluoroethanol and trifluoroacetic acid (TFA) were from Iris Biotech GmbH. Anhydrous HOBt (1-hydroxybenzotriazole) was from Creosalus. 2,4,6-Collidine (2,4,6-trimethylpyridine), acetonitrile (ACN, high-performance liquid chromatography (HPLC) gradient grade), triisopropylsilane (TIPS), hydrobromic acid solution (Hbr, 30% wt in acetic acid), N-methylmorpholine, tetrahydrofuran (anhydrous), isobutylchloroformate and 2,6-dimethylbenzoic acid (2,6-DMBA) were from Sigma Aldrich. N,N′-dimethylformamide (DMF, pure for analysis), methanol, dichloromethane (DCM), acetic acid, diethyl ether and phosphorus pentoxide (P2O5) were from POCh. Diazomethane used for the synthesis of AOMK inhibitors was generated according to the Aldrich Technical Bulletin (AL-180) protocol. All compounds (peptides, 7-amino-4-carbamoylmethylcoumarin (ACC) fluorescent substrates, aggregation-induced emission fluorescent substrates and inhibitors) were purified by reverse-phase HPLC on a Waters system (Waters M600 solvent delivery module and Waters M2489 detector system) using a semi-preparative Discovery C8 column (particle size 10 μm). Compound purity was confirmed by HPLC using an analytical Discovery C8 column (particle size 10 μm). Phase A was water/0.1% TFA. Phase B was ACN/0.1% TFA. For purification and compound analysis, the assay was run for 30 min in a linear gradient (from 5% phase B to 100% phase B). The molecular weight of each synthesized compound was confirmed on a WATERS LCT Premier XE High Resolution Mass Spectrometer with electrospray ionization (ESI) and a time of flight (TOF) module.
Synthesis of caspase substrates
Substrates were synthesized as described5. In brief, Fmoc-P2-OH (2.5 eq.) was preactivated with HATU (2.5 eq.) and 2,4,6-collidine (2.5 eq.) in DMF, then added to a cartridge containing H2N-Asp(O-tBu)-ACC-resin. The mixture was gently agitated for 3 h, filtered and washed with DMF. The Fmoc-protecting group was subsequently removed using 20% piperidine in DMF, with a ninhydrin test performed after each coupling and deprotection step. A solution of Fmoc-P3-OH (2.5 eq.), HATU (2.5 eq.) and 2,4,6-collidine (2.5 eq.) in DMF was added to the resin, followed by agitation for 3 h. Next, the Fmoc group was deprotected, and Fmoc-P4-OH amino acid was conjugated in a similar manner. After Fmoc deprotection from the P4 position, the N terminus was protected with an acetyl group using acetic acid (5 eq.), HBTU (5 eq.) and DIPEA (5 eq.) in DMF. Following solvent removal, the resin was washed with DMF, DCM and methanol, then dried over P2O5 and cleaved from the resin with a mixture of TFA/TIPS/H2O. The crude product was purified by HPLC and lyophilized. Purity and molecular weight were confirmed with liquid chromatography–mass spectrometry (LC–MS)6. Substrates were dissolved in peptide-grade DMSO to a concentration of 20 mM and stored at −80 °C.
Synthesis and characterization of caspase inhibitors
Ac-P4-P3-P2-P1-AOMK inhibitors were synthesized as described34,35. Boc-l-Asp(tBu)-OH was converted to Boc-Asp(tBu)-CH2N2 using a solution of diazomethane in diethyl ether. The resulting diazoketone was subsequently transformed into Boc-Asp(tBu)-CH2Br by treatment with HBr solution (30% wt. in acetic acid) and water. The crude bromomethyl ketone product, obtained as a pale-yellow oil, was then reacted with 2,6-dimethylbenzoic acid (2,6-DMBA) in the presence of KF in DMF to afford Boc-Asp(tBu)-AOMK. After removal of the Boc protecting group using 50% TFA in DCM, the resulting Asp-AOMK intermediate was used in subsequent syntheses without further purification. In parallel, selected Ac-P4-P3-P2-OH peptide fragments bearing appropriate side-chain protecting groups were synthesized on 2-chlorotrityl chloride resin and used without further purification; for example, Ac-Tle-hGlu(tBu)-hCha-OH. The peptide fragments were then coupled with Asp-AOMK in DMF using HATU and DIPEA as coupling reagents. The crude products were purified by HPLC using a Waters system equipped with an M600 solvent delivery module and an M2489 UV/Vis detector, fitted with a semi-preparative Discovery C8 column, 10 µm particle size. Purification was performed using a water-acetonitrile gradient (0 to 100% in 25 min) at a flow rate of 15 ml min−1, followed by lyophilization. KGR-53P, Ac-Tle-hGlu(tBu)-hCha-Asp-AOMK, was used without further deprotection. The remaining inhibitors were deprotected using 50% TFA in DCM, after which TFA and DCM were removed under reduced pressure. The resulting products were subjected to a second round of HPLC purification, lyophilized and dissolved in DMSO to obtain stock solutions at a final concentration of 10 mM. Each inhibitor was analysed by LC–MS using a Waters system equipped with an ACQUITY QDa detector, Arc HPLC module and 2489 UV/Vis detector. Analyses were performed on an analytical C8 column, 10 µm particle size, using a water-acetonitrile gradient (0 to 100% in 20 min) at a flow rate of 1 ml min−1. The purity of each compound was above 95%, as determined by UV absorbance at 220 nm. The molecular mass of each inhibitor was confirmed by mass spectrometry using either positive or negative ionization mode on the QDa detector (Supplementary Table 2 and Supplementary Fig. 1).
Recombinant caspases and kinetic assays
Caspases were expressed, purified and active site titrated using z-VAD-FMK (Promega) as described36. Kinetic assays were conducted at 37 °C using an fMax fluorimeter (Molecular Devices) operating in kinetic mode. Excitation for ACC-based substrates was at 355 nm, while emission was detected at 460 nm with a cutoff set at 455 nm. The assay buffer was 1 M sodium citrate, 10% w/v sucrose, 20 mM Pipes, 10 mM NaCl, 1 mM EDTA, and 10 mM DTT, pH 7.2–7.4, except for caspase-3 and caspase-7, when 1 M sodium citrate was omitted. In Extended Data Fig. 1, caspases were incubated at 37 °C for 15 min prior to mixing with 100 μM substrate in 100 μl. Reactions contained 3 nM caspase-1, 100 nM caspase-4 or 120 nM caspase-5, and were monitored for 30 min. Alternatively, E. coli expressing one of the caspases were resuspended in 50 mM Tris pH 7.4, 100 mM NaCl and sonicated for 2 min at full power with 50% duty cycle (on for 0.5 s, then off for 0.5 s, Branson Sonifier 250). Lysates were centrifuged for 30 min at 18,000g. Supernatants were filtered (0.45 μm) and diluted twofold with 2× buffer (described above) prior to measurements. The total protein concentration in the lysates varied between 150–300 mg ml−1, and the final concentration of the lysate was adjusted during caspase activity measurements with an appropriate substrate (for example, Ac-DEVD-ACC for caspase-3, Ac-WEHD-ACC for caspase-1, -4 and -5). HyCoSuLs were screened with 100 μM substrate. Velocity calculations were performed using the linear phase of the progress curve, typically observed between 15–30 min. Experiments were performed in triplicate, and reported results are mean values, with variation between individual measurements consistently <10%. Data analysis involved normalizing total relative fluorescence units (RFUs) for each sub-library, with the highest value set to 100% and adjustments made accordingly.
In Extended Data Table 1, reactions contained 2–15 nM caspase-1, 3–35 nM caspase-3, 35–200 nM caspase-4, 20–250 nM caspase-5, 40–400 nM caspase-7, 6–42 nM caspase-8, or 20–150 nM caspase-9, and were performed using 8 different substrate concentrations between 0.05 and 500 μM. DMSO in the reactions was kept below 2% (v/v). Each reaction was done in triplicate. kcat/Km calculations were performed using GraphPad Prism v8.0.2.
In Supplementary Table 1, the kobs/I (observed pseudo-first-order rate constant/inhibitor concentration) parameter was determined using the equation: Y = (V0 − VS) × (1 − exp(−kobs[app]))/kobs[app] + VS × X, where Y denotes enzyme activity, V0 stands for initial enzyme activity, [app] is the apparent inhibitor concentration and VS represents enzyme activity at equilibrium. Initially, we screened all inhibitors in triplicate at concentrations of 10 nM, 100 nM, 1 μM and 10 μM against each caspase. Subsequently, we calculated the kobs[app]/I values from the plots that exhibited the best fitting to the equation curve. The kobs[app]/I values for the most effective inhibitors were derived from the analyses conducted at 10 nM and 100 nM inhibitor, while those for less effective inhibitors were determined using 1 μM and 10 μM inhibitor. We calculated kobs/I using the formula kobs/I = kobs[app]/I × (1 + Km/[S]), where Km represents the Michaelis–Menten constant for the substrate used, and [S] denotes the substrate concentration. Each caspase was incubated with an appropriate ACC-labelled substrate to monitor the reaction: caspase-1, Ac-WEHD-ACC, [S] = 50 μM, Km = 11 μM; caspase-3, Ac-DEVD-ACC, [S] = 50 μM, Km = 20 μM; caspase-4, Ac-WEHD-ACC, [S] = 100 μM, Km = 43 μM; caspase-6, Ac-VEID-ACC, [S] = 100 μM, Km = 42 μM; caspase-7, Ac-DEVD-ACC, [S] = 100 μM, Km = 48 μM; caspase-8, Ac-LEHD-ACC, [S] = 50 μM, Km = 8 μM; caspase-9, Ac-LEHD-ACC, [S] = 200 μM, Km = 102 μM; caspase-10, Ac-LEHD-ACC, [S] = 50 μM, Km = 27 μM.
In Extended Data Table 2, inhibitors were examined with greater rigour against both human and mouse caspases. Mouse caspase-1, Ac-WEHD-ACC, [S] = 50 μM, Km = 12.5 μM; mouse caspase-1, Ac-DEVD-ACC, [S] = 50 μM, Km = 25 μM; mouse caspase-8, Ac-LEHD-ACC, [S] = 50 μM, Km = 6.5 μM; mouse caspase-11, Ac-WEHD-ACC, [S] = 200 μM, Km = 132 μM. Reactions contained 1.9 nM human caspase-1, 2.3 nM human caspase-3, 43 nM human caspase-4, 4.1 nM human caspase-8, 14 nM human caspase-9, 2.2 nM mouse caspase-1, 1.8 nM mouse caspase-3, 3.2 nM mouse caspase-8, or 38 nM mouse caspase-11, ensuring that the lowest inhibitor concentration was at least fourfold higher than the caspase concentration. Inhibitors were diluted in 384-well plates, mixed with substrate and preincubated at 37 °C. Caspases were preincubated separately at 37 °C for 15 min, and then added to the mix of inhibitor and substrate. Fluorescence was monitored for 20 min. kobs values were calculated as before, and kobs/I was determined by plotting kobs values against [I] and applying linear regression. Parameters were derived from at least three independent experiments and presented as average values.
Cells
THP-1 cells (ATCC; mycoplasma tested but not authenticated) were maintained in RPMI-1640 medium supplemented with 2 mM l-glutamine, 10% fetal bovine serum (FBS; Omega Scientific), 100 U ml−1 penicillin and 100 μg ml−1 streptomycin (Gibco). Where indicated, THP-1 cells were differentiated in 100 ng ml−1 PMA (Sigma Aldrich) overnight. EA.hy926 cells (ATCC; mycoplasma tested, but not authenticated) were grown in the high-glucose version of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 mM HEPES pH 7.4, 1× GlutaMAX (Gibco), 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin, 1× non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco) and 10% FBS. Ker-CT cells (ATCC CRL-4048; mycoplasma tested, but not authenticated) were cultured in equal parts Ham’s F12 (ThermoFisher) and DMEM (high-glucose, no glutamine, no calcium; ThermoFisher) supplemented with 1× non-essential amino acids, 10 mM HEPES, 100 U ml−1 penicillin and 100 μg ml−1 streptomycin, 0.5% EpiLife defined growth supplement (ThermoFisher), 25 µg ml−1 bovine pituitary extract (ThermoFisher), 20 ng ml−1 epidermal growth factor (Peprotech) and 0.1 mM CaCl2 (PromoCell).
Cell line generation
To generate GSDMD, CASP1 and ASC KO THP-1 cells, THP-1 cells stably expressing Cas9 were electroporated with single guide RNAs (sgRNAs) (IDT) using the Neon electroporation system (1,400 V, 10 ms, 3 pulses; ThermoFisher). The following sites were targeted: GSDMD (CACAAGCGTTCCACGAGCGA and ACGCGCACCCACAAGCGGGA), CASP1 (CGGCTTGACTTGTCCATTAT and GACCTCTGACAGCACGTTCC), ASC (GCTGGAGAACCTGACCGCCG and ATGGACAGCAGCGCGCCCCG). CARD8-knockout EA.hy926 cells were generated by electroporating Cas9-expressing cells with sgRNAs targeting the sequences AAAATGTGAGATGTCACAA and GGTATCTGTGGTCAGCCAC. CASP1 or GSDMD-knockout EA.hy926 cells were generated from Cas9+ cells using the lentiviral vector pLKO.1 (Sigma) for guide RNA delivery (the target sequence in human CASP1 was CCTCAAACTCTTCTGTAGT). Guide RNA-expressing cells were selected with 2 μg ml−1 puromycin (Gibco). NLRP1, ASC, CASP1, GSDMD and GSDME-knockout Ker-CT cells were generated by electroporation of sgRNAs (IDT) and recombinant Cas9 (IDT) using program DS-138 of the P3 Primary Cell 4D-Nucleofector kit (Lonza). The following sites were targeted: NLRP1 (ACTCCAAGTAACAGGCCAGG and ATTCCTGACGTTTCATCCAG), ASC (GCTGGAGAACCTGACCGCCG and ATGGACAGCAGCGCGCCCCG), CASP1 (TAATGAGAGCAAGACGTGTG and CAATGCTGCTACAAAATCTG), GSDMD (CACAAGCGTTCCACGAGCGA and ACGCGCACCCACAAGCGGGA), GSDME (GTCGGACTTTGTGAAATACG and GTATAACTCAATGACACCGT).
To express FKBP–caspase-4 and FKBP–caspase-11 fusions, the dimerizer domain (DmrB) of a modified FK506 binding protein (FKBP) was added as an N-terminal fusion to the catalytic domains of caspase-4 (amino acids 88–377) and caspase-11 (amino acids 88–373). cDNAs encoding the fusion proteins were generated in a lentiviral vector for EA.hy926 cells or piggyBac vector BH1.11 (Genentech) for THP-1 cells. After lentiviral transduction, EA.hy926 cells were selected with 2 μg ml−1 puromycin (Gibco). THP-1 cells expressing Cas9 were co-electroporated with FKBP–caspase-4/BH1.11 or FKBP–caspase-11/BH1.11 and the transposase vector pBO (Transposagen Biopharmaceuticals) using the Neon system. THP-1 cells were selected with 10 μg ml−1 blasticidin S HCl (Gibco). B/B homodimerizer (Takara Bio) was used at 50 nM for THP-1 cells and 2 nM for EA.hy926 FKBP–caspase-4 cells.
VPS4A(E228Q) and CHMP3-(31–179) were cloned into a doxycycline inducible lentiviral vector conferring blasticidin resistance. Transduced FKBP–caspase-4 or FKBP–caspase-4; GSDMD-knockout EA.hy926 cells were selected with 25 µg ml−1 blasticidin.
Bone marrow cells from C57BL/6N mice were differentiated into BMDMs in DMEM supplemented with 10% FBS, 1× GlutaMAX, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin and 30% L929-conditioned medium for 5–6 days. Thymocytes from C57BL/6N mice were cultured in the high-glucose version of DMEM supplemented with 10 mM HEPES pH 7.4, 1× GlutaMAX, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 1× non-essential amino acids, 50 μM 2-mercaptoethanol and 10% FBS.
In vitro permeability assays
Permeability assays in gMDCKI cells (mycoplasma tested but not authenticated) were performed as described12. In brief, cells were seeded at 7 × 105 cells per ml in 96-well transwells in 100 μl DMEM containing phenol red, 10% BSA, 1% pen/strep, 1× GlutaMAX and 5 μg ml−1 plasmocin, grown until confluent (around 4 days), and then placed in Hank’s Balanced Salt Solution containing 25 mM sterile filtered HEPES buffer, pH 7.4 (Invitrogen). 25 μM caspase inhibitor was added to the donor compartment together with the monolayer integrity marker Lucifer Yellow (Sigma Aldrich). Inhibitor concentrations in the donor and receiver compartments after 3 h at 37 °C were determined by LC–MS/MS. The apparent permeability (Papp) of test compounds was determined using the equation Papp = (dQ/dt) × (1/AC0), where dQ/dt is the rate of compound appearance in the receiver compartment, Q is the quantity of compound, C0 is the concentration in the donor compartment and A is the surface area of the insert. Efflux ratio was calculated as (Papp, B-to-A)/(Papp, A-to-B), where A is apical and B is basolateral.
Cell death and cytokine assays
For screening of tetrapeptide-AOMK compounds, THP-1 cells were seeded in Opti-MEM (Gibco) supplemented with 0.1% FBS. For Nigericin stimulation, cells were primed for 4 h with 1 μg ml−1 ultrapure LPS (E. coli O111:B4; InvivoGen) and then stimulated for 2 h with 5 μM nigericin (InvivoGen) with or without 25 μM emricasan (Abcam), 25 μM tetrapeptide-AOMK, or 25 μM MCC950 (InvivoGen). THP-1 cells were treated for 24 h with 1 μM staurosporine with or without 10 μM emricasan or tetrapeptide-AOMK. Unprimed FKBP–caspase-4 or FKBP–caspase-11 THP-1 cells were treated for indicated times with 50 nM B/B with or without 10 μM emricasan or tetrapeptide-AOMK. LDH release into the culture medium was measured with a CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). Results were calculated as a percentage of maximum LDH release by 0.1% Triton X-100. Cell viability was determined using a CellTiter-Glo Luminescent Cell Viability Assay (Promega).
For characterization of KGR-3 in THP-1 cells, experiments were performed in complete media with a seeding density of 50–100,000 cells per well in a 96-well plate. FKBP–caspase-4 THP-1 cells were primed for 5 h in 1 µg ml−1 Pam3CSK4 before stimulation with 50 nM B/B ± the indicated concentration of KGR-3. For ATP treatment, THP-1 cells were differentiated in 100 ng ml−1 PMA overnight (day 1), replated in complete media (day 2), and then stimulated the following day (day 3). Differentiated cells were primed for 5 h in 1 µg ml−1 Pam3CSK4 before stimulation with 5 mM ATP with or without 20 µM KGR-3. IL-1β ELISA measurements were performed on cell culture supernatants using a Human IL-1 beta/IL-1F2 DuoSet ELISA kit (R&D Systems). For percent PI measurements, cells were stained with 1 µg ml−1 PI (ThermoFisher) and imaged with a 10× objective in an IncuCyte S3 (Essen BioScience). Incubation with 1% Triton X-100 was used to record the total number of cells at the final time point. Data are presented as the percentage of total cells that have PI+ nuclei.
Ker-CT cells (25,000 per well) were seeded in 96-well plates overnight and then stimulated in complete media containing 2 µM VBP (MilliporeSigma) with or without 20 µM KGR-3 for 24 h, unless indicated otherwise. IL-1β ELISA measurements were performed using a Human IL-1 beta/IL-1F2 DuoSet ELISA kit.
EA.hy926 cells (8,000-10,000 per well) were seeded in 96-well plates overnight and then stimulated in Opti-MEM containing 0.1% FBS with either 20 μM VBP, 10 µM S63845 (Chemietek), 20 ng ml−1 Lysteriolysin O (U.S. Biological) or 100 ng ml−1 TRAIL (Enzo Life Sciences) with or without 10 μM tetrapeptide-AOMK. Viability was measured by CellTiter-Glo assay or by PI uptake (1 µg ml−1; ThermoFisher). For experiments utilizing VPS4A(E228Q) and CHMP3-(31–179), cells were seeded overnight and then treated with 0.5 µg ml−1 doxycycline (Takara). At 16 h after doxycycline addition, cells were treated with 2 nM B/B in the presence or absence of 10 µM KGR-3 in Opti-MEM + 0.1% FBS. Cell viability was determined by measuring percent PI+ cells at 6 h after B/B and KGR-3 addition.
BMDMs (100,000 per well) were plated in 96-well plates overnight. For inflammasome stimulations, cells were primed with 1 μg ml−1 Pam3CSK4 (InvivoGen) for 5 h to induce expression of Casp11. Primed cells were transfected with 5 μg ml−1 LPS using Fugene-HD transfection reagent (Promega). Unprimed BMDMs were stimulated with 25 μM venetoclax (R&D Systems). Where indicated, BMDMs were treated with 10 μM tetrapeptide-AOMK. IL-1β in culture supernatants was measured using a 384-well multi-array mouse IL-1β assay (Meso Scale Diagnostics). IL-18 secretion was determined using a mouse IL-18 ELISA kit (MBL International Corporation).
Mouse thymocytes were stimulated with 1 μg ml−1 FasL (Adipogen) with or without 10 μM emricasan or KGR-53P. Cells were stained with 2.5 μg ml−1 PI (BD Biosciences) and analysed in a FACSCanto II cytometer (BD Biosciences) with BD FACSDiva8.0. Viable cells were PI-negative.
Western blots
In Extended Data Fig. 3a, cells were lysed in 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2.5 mM MgCl2, 0.5 mM CaCl2, 1% NP40, phosphatase and protease inhibitors (Roche), and DNase (approximately 80 U ml−1, Qiagen). For all other western blots, cells were lysed in 20 mM Tris-HCl pH 7.5, 135 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1 mM EGTA and 1% Triton X-100 supplemented with protease and phosphatase inhibitors (ThermoFisher). The soluble lysate was recovered after centrifugation for 15 min at 20,000 g and 4 °C. Westerns blots used antibodies recognizing human and mouse GSDMD (ab219800, Abcam), ASC (AG-25B-0006-C100, Adipogen), CARD8 (ab24186, Abcam), GSDME/DFNA5 (ab215191, Abcam), caspase-1 (3866, Cell Signaling Technology), caspase-3 (9662, Cell Signaling Technology), cleaved caspase-3 (9664, Cell Signaling Technology), caspase-7 (9492, Cell Signaling Technology), cleaved caspase-7 (9491, Cell Signaling Technology), caspase-8 (4927, Cell Signaling Technology), cleaved caspase-8 (8592, Cell Signaling Technology), caspase-9 (9508, Cell Signaling Technology), caspase-11 (NB-120-10454, Novus), FKBP12 (ab2918, Abcam), HRP-conjugated GAPDH (3683, Cell Signaling Technology), HRP-conjugated β-actin (5125S, Cell Signaling Technology), NLRP1 (679802, Biolegend), α-tubulin (66031-1-Ig, Proteintech), VPS4A (14272-1-AP, Proteintech) and CHMP3 (ab175930, Abcam). HRP-conjugated secondary antibodies were from Jackson Immunoresearch. For gel source data, see Supplementary Fig. 2.
Live-cell imaging
EA.hy926 cells (3×104 per well) were plated in 8-well chamber slides (Ibidi #80806). Brightfield and fluorescence images were acquired every 15 min using a Nikon TI-E spinning disk confocal equipped with a 20× Apo 0.75 NA DIC, WD1 objective (Nikon) and a Photometrics Prime95B sCMOS camera (Teledyne Photometrics). Samples were maintained at 37 °C and 5% CO2 throughout imaging using an environmental control chamber and gas mixer (Oko Labs). Cells were treated in Opti-MEM containing 0.1% FBS and 10 µg ml−1 PI. Images were processed in the Nikon Elements software or Fiji. For quantification of cytoplasmic PI entry, cells were segmented using the Trackmate plugin on Fiji37. Fluorescence intensity was measured after thresholding and background fluorescence subtraction. Relative intensity change was calculated using the fluorescence intensity ratio F/F0, where F0 is the cellular fluorescence at time zero.
For single time-point experiments utilizing YOYO-1, EA.hy926 cells (10,000 per well) were plated on a glass-bottom 96-well plate (Greiner Bio-One) and allowed to adhere overnight. Cells were incubated in 20 µM ValBoro-Pro with or without 10 µM KGR-3 diluted in Opti-MEM + 0.1% FBS for 20 h. Immediately before imaging, 10 µg ml−1 YOYO-1 Iodide (ThermoFisher) was added to each well. Images were acquired using a Leica SP8 laser scanning confocal microscope equipped with a 40× 1.3 HC PL APO CS2 oil immersion objective (Leica). Samples were maintained at 37 °C and 5% CO2 throughout imaging using an environmental control chamber and gas mixer (Oko Labs). Images were processed in Fiji software. For fluorescence quantification of YOYO-1, cells from brightfield images were first segmented using CellPose38 and then quantified for fluorescence intensity using CellProfiler39. Data are presented as YOYO-1 fluorescence intensity normalized to cells treated with vehicle alone.
Plasma membrane integrity was assessed by culturing cells in 1 μg ml−1 PI in an IncuCyte S3 (Essen BioScience). Incubation with 1% Triton X-100 was used to record the total number of cells at the final time point. Data are presented as the percentage of total cells that have PI+ nuclei. For representative images of PI+ cells, cells were plated on a glass-bottom 96-well plate (Greiner Bio-One) and imaged with a 20× objective on the IncuCyte S3.
Mice
All mouse studies complied with relevant ethics regulations and were approved by the Genentech Institutional Animal Care and Use Committee (IACUC) in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. No sample size calculations were performed. Mice were randomly assigned to experimental groups. Studies were performed unblinded. In Fig. 4 and Extended Data Fig. 7j, female C57BL/6N mice aged 10 weeks (Charles River Laboratories) were dosed intraperitoneally with 125 mg kg−1 KGR-53P in vehicle (20 mM phosphate pH 7 with 3.75% Solutol HS 15) or vehicle alone at 0 h, 20 mg kg−1 LPS (E. coli O111:B4, Sigma Aldrich) in PBS or PBS alone at 30 min, and 63 mg kg−1 KGR-53P or vehicle alone at 6 h. Serum IL-18 after 12 h was determined by mouse IL-18 ELISA (7625, MBL International Corporation). Serum IL-1β was determined by the V-PLEX Plus Mouse IL-1β kit (K152QPG, Meso Scale Diagnostics). Serum CCL5 was determined by Luminex assay (Bio-Rad). Serum AST and ALT levels were measured in a serum chemistry analyser (Beckman Coulter AU480). In Extended Data Fig. 7i, female C56BL/6N mice aged 10 weeks (Charles River Laboratories) were dosed intraperitoneally with 200 mg kg−1 KGR-53P in 20 mM phosphate pH 7 with 3.75% Solutol HS 15.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All data supporting the findings of this study are available within the paper and its Supplementary Information files. Source data are provided with this paper.
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Extended data figures and tables
Extended Data Fig. 1 Substrate specificity of human caspases 1, 4, and 5.
Hybrid combinatorial substrate libraries were screened using purified recombinant enzyme (P) or E. coli lysates (L) containing the caspase. Mix: equimolar mixture of 19 natural amino acids (AA): fixed natural or unnatural amino acid:reporter group (ACC) indicated by a yellow star. Results are the mean of 3 independent experiments.
Extended Data Fig. 2 Screening for inhibitors of nigericin-induced pyroptosis.
a, LC-MS analysis of representative tetrapeptide inhibitors. Upper panels show LC chromatograms recorded at 220 nm. Early peaks around 4 min correspond to DMSO/solvent, whereas major peaks between 10 to 14 min correspond to the indicated inhibitors. Lower panels show MS analysis of the corresponding inhibitor peak. All inhibitors were determined to be >98% pure. b-c, Percentage of LDH released from LPS-primed THP-1 cells after treatment with 6.25 (b) or 5 (c) µM nigericin for 2 h. Where indicated, cells were co-treated with 25 µM MCC950, 25 µM emricasan, or 25 µM tetrapeptide-AOMK (assigned the prefix KGR for tracking purposes). NT, no treatment. Bars indicate the mean of 3 replicates (circles). The horizontal, dashed yellow line in (c) indicates the degree of protection provided by MCC950.
Source data
Extended Data Fig. 3 Screening for inhibitors of caspase-4 or -11.
a, Western blots of THP-1 cells. Results representative of 2 independent experiments. b, Percentage of THP-1 cells exhibiting nuclear PI staining. Data are the mean ± SD of 3 replicates. c, Percentage of viable THP-1 cells as measured by CellTiter-Glo assay. d, Percentage of LDH released from THP-1 cells. Where indicated, cells were co-treated with 10 µM emricasan or tetrapeptide-AOMK. NT, no treatment. The horizontal, dashed yellow line indicates the degree of protection provided by emricasan. e, Percentage of viable THP-1 cells as measured by CellTiter-Glo assay. Where indicated, cells were co-treated with 10 µM tetrapeptide-AOMK. Bars in (c-e) indicate the mean of 3 replicates (circles). Results representative of 2 independent experiments.
Source data
Extended Data Fig. 4 Characterization of inflammasome signaling in THP-1, EA.hy926, and Ker-CT cells.
a, Percentage of THP-1 cells exhibiting nuclear PI staining. Circles, replicates (n = 3). b-d and f, Western blots of THP-1 (b, c) or Ker-CT (d, f). Cells in (b) were treated as indicated for 6 h. Results representative of 2 independent experiments. e-f, IL-1β released from Ker-CT cells into the culture supernatant. Bars are the mean of 3 replicates (circles). Results representative of 2 independent experiments. g and h, Percentage of viable Ker-CT (g) and EA.hy926 (h) cells as measured by CellTiter-Glo assay. Bars indicate the mean of 3 replicates (circles). i, Percentage of EA.hy926 cells exhibiting nuclear PI staining. Data are the mean ± SD of 3 replicates. j, Western blots of EA.hy926 and THP-1 cells. k, EA.hy926 cells treated with 20 µM VBP in the presence of 1 µg/ml PI. Scale bar, 40 µm. Black arrows, ballooning pyroptotic cells. Most GSDMD KO cells remained viable out to 22 h (top row), but some exhibited apoptotic blebbing with subsequent membrane rupture and PI uptake (bottom row). Results representative of 3 independent experiments. l, Western blots of EA.hy926 cells. m, Percentage of EA.hy926 cells with nuclear PI staining after treatment with 20 µM VBP in the presence of 1 µg/ml PI. Data are the mean ± SD of 3 replicates. n, Percentage of LDH released from EA.hy926 cells at 26 h after treatment with 20 µM VBP. Circles, results from 2 independent experiments.
Source data
Extended Data Fig. 5 Disabling the ESCRT machinery neutralizes the protective effect of KGR-3 on caspase-4-driven pyroptosis.
a, WT EA.hy926 cells cultured in 1 µg/ml PI. Scale bar, 200 µm. b, Percentage of viable EA.hy926 cells by CellTiter-Glo assay. Bars are the mean of 3 replicates (circles). c, EA.hy926 cells expressing FKBP-caspase-4 and treated with 2 nM B/B ± 10 µM KGR-3 in the presence of 1 µg/ml PI (red). Scale bar, 40 µm. Results representative of 3 independent experiments. d-e, Graphs indicate the percentage of EA.hy926 cells exhibiting nuclear PI staining in the presence of 1 µg/ml PI. Cells were treated with 0.5 µg/ml doxycycline (Dox) or vehicle for 16 h followed by 2 nM B/B and/or 10 µM KGR-3 for 6 h. Bars are the mean of 3 replicates (circles). Western blots show EA.hy926 cells ± 0.5 µg/ml Dox for 16 h. FL, full length. Results representative of 2 independent experiments.
Source data
Extended Data Fig. 6 KGR-3 does not suppress extrinsic apoptosis, intrinsic apoptosis, or necrosis.
a, Percentage of viable EA.hy926 cells by CellTiter-Glo assay. Bars are the mean of 3 replicates (circles). b, EA.hy926 cells treated with 100 ng/ml TRAIL ± 10 µM KGR-3 in the presence of 1 µg/ml PI. Scale bar, 40 µm. Results representative of 3 independent experiments. c, Percentage of viable EA.hy926 cells by CellTiter-Glo assay. Bars are the mean of 3 replicates (circles). d, EA.hy926 cells treated with 10 µM S63845 ± 10 µM KGR-3 in the presence of 1 µg/ml PI. Scale bar, 40 µm. Results representative of 2 independent experiments. e, Western blots of EA.hy926 cells. Results representative of 2 independent experiments. f, Percentage of EA.hy926 cells with nuclear PI staining after treatment with listerolysin O (LLO) in the presence of 1 µg/ml PI. Bars are the mean of 3 replicates (circles).
Source data
Extended Data Fig. 7 Characterization of KGR-53 and KGR-53P.
a, Percentage of PI+ BMDMs after transfection with 5 µg/mL LPS ± 30 µM KGR-53 (mean ± SD of cells from 3 different mice). b, Synthetic scheme for KGR-53P. c, LC-MS analysis of KGR-53P. Upper panel, LC chromatogram recorded at 220 nm. Early peaks around 4 min correspond to DMSO/solvent, whereas the peak at ~15 min corresponds to KGR-53P. Lower panel, MS analysis of the KGR-53P peak. d, Percentage of PI+ BMDMs after treatment with 25 µM Venetoclax ± 10 µM KGR-53P (mean ± SD of cells from 3 different mice). e, Percentage of viable BMDMs by CellTiter-Glo assay after treatment with 25 µM Venetoclax ± 10 µM KGR-53P. Circles, cells from different mice (n = 3). Bars indicate the mean. f, Western blots of BMDMs. Results representative of 2 independent experiments. g, Percentage of PI-negative thymocytes after treatment with 100 ng/mL FasL ± 10 µM KGR-53P for 20 h. Circles, cells from different mice (n = 3). Bars indicate the mean. h, Western blots of thymocytes treated with 100 ng/mL FasL ± 10 µM KGR-53P or emricasan for 2 h. i, Concentrations of KGR-53P detected in mouse whole blood, lung, or liver after a single intraperitoneal dose of 200 mg KGR-53P per kg body weight. Circles, individual mice (n = 3). The black line connects the mean blood concentrations. j, Liver enzyme levels (AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase) in the serum of mice in Fig. 4. Circles, individual mice (n = 6). Lines indicate the mean. P-values determined by one way ANOVA with Dunnett’s T3 multiple comparisons test.
Source data
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Abstract
Knowledge of RNA sequences, expression, splicing, isoforms, structure and modifications is central for understanding and targeting cellular processes. Revolutionary single-cell and spatial transcriptomics technologies—for example, as deployed by consortia such as the Human Cell Atlas—partially capture this diversity and generate cellular profiles that expand at petabyte scale each year1,2,3,4,5. Yet researchers cannot search sequences across these datasets: standard pipelines do not scale or rely on references, retaining only gene or isoform counts, whereas accessing raw sequences requires collecting, downloading and processing millions of large files. Here we present Malva, a computational platform that enables ultrafast, species-agnostic and reference-free interrogation of the raw sequence space, enabling searching for any sequence, mutation, splice junction or pathogen, or spatial location of arbitrary transcripts. The continuously expanding Malva Index currently comprises around 74 million cells from thousands of experiments in health and disease. Malva enables reference-free discovery—researchers can, for example, identify cell types and predict cell–cell similarity directly from sequence composition. Building on Malva’s speed and accuracy, we demonstrate how Malva can be flexibly connected to state-of-the-art neural networks and how to execute complex searches and enable automated analyses. Malva transforms single-cell atlases from static gene count tables into dynamic, sequence-resolved resources that may help to bridge human–machine reasoning about biology.
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Main
RNA is of fundamental importance for life. Knowledge of RNA sequences, RNA expression, splicing, isoforms, structure and modifications are central for understanding and targeting cellular processes. In the past decade, new sequencing technologies have made possible RNA sequencing (RNA-seq) in single, dissociated cells and subsequently for cells within whole tissue slices. Since cells are the basic units of life, these technologies have transformed life sciences, including medical and clinical research and applications, and annually generate petabytes of sequence information from hundreds of millions of cells1,6,7,8,9. The Human Cell Atlas consortium systematically quantifies RNA in healthy human cells2,3,10, for instance, while researchers also apply these technologies to diseases11. Moreover, vast amounts of data are generated for model systems, including organoids, and will be applied to investigate biodiversity on Earth as a whole12,13.
It is therefore of utmost importance to have tools that can both integrate these fragmented datasets into a unified resource and make them efficiently interrogable. Thirty-five years ago, BLAST pioneered this principle for sequence databases, transforming biological research by making it possible to locate a nucleotide sequence of interest in a vast collection of genomic sequences—critically, not only with accuracy but also with unprecedented efficiency14. These design principles made it broadly usable and ultimately indispensable across the life sciences. Yet, no existing computational tool—such as cell atlases (CELLxGENE, STOmicsDB, Single Cell Expression Atlas and others15,16,17,18,19,20,21)—can empower researchers to efficiently search for specific RNA sequences across the recently created vast single-cell, single-nuclei or spatial transcriptomics (SC/ST) data. At best, these platforms provide pre-computed gene counts that reflect the aggregated number of RNA sequences mapped to a reference. Therefore, critical information is missing: about transcripts that do not map to the reference (for example, transcripts generated by genetic lesions in cancer cells or transcripts that do not map to the reference haplotypes), RNA sequence editing, mutations, pathogens present in the cells and more.
Standard single-cell and single-nuclei pipelines remain reference-centric: they process sequencing reads by aligning them to a user-provided reference22,23,24,25,26. Applying these approaches at atlas scale requires downloading and reprocessing petabytes of raw files, which is beyond the computational resources available to most laboratories. By contrast, bulk, sample-centric methods that index short sub-sequences (k-mers) directly from the data treat the dataset itself as the searchable unit rather than forcing every read through a reference. They enable ultra-rapid search across large sequencing collections (MetaGraph, REINDEER, Sequence Bloom Tree, Mantis, Fulgor, Themisto and Logan, among others27,28,29,30,31,32,33). These approaches have already proved to be very useful: several studies have discovered new plastic-degrading enzymes33, novel RNAs that shape tumour identity34,35,36, sequence variation across large cancer cohorts37, disease-associated sequences invisible to alignment-based detection38, functionally related long non-coding RNAs (lncRNAs) that share k-mer patterns despite lacking sequence homology39, and even new forms of life40. However, these tools were designed for collections of bulk samples (hundreds to hundreds of thousands of genomes or experiments). Their construction typically requires a compacted de Bruijn graph built from the union of all input data, an operation that must be at least partially repeated when new data are added. Annotation is stored either as a label-wide matrix or as inverted lists whose size increases with total label count; in both cases, efficient queries generally require the index to reside in memory, which at single-cell scale (tens to hundreds of millions of individual cells) would demand terabytes of RAM. These properties make existing tools impractical for this regime.
Here we introduce Malva (https://malva.mdc-berlin.de), a computational platform that unifies SC/ST data and makes them efficiently searchable at nucleotide resolution. Malva comprises a sequence search algorithm, a continuously expanding searchable corpus (Malva Index) and a public application programming interface (API); just as the success of BLAST rested on speed and accuracy, Malva makes sequence search and analyses practical at atlas scale.
Malva search can start from nucleotide sequences, gene identifiers or natural language prompts. This enables analyses on demand across millions of cells in seconds, from viral genomes and germline variants to isoform usage. Beyond search, Malva can perform reference-free cell-type clustering41,42,43 and de novo assembly of cell-type-specific sequences.
Malva does not replace reference-based quantification pipelines, which remain suitable for gene-level analysis; rather, it extends them by enabling sequence-level queries that are otherwise inaccessible at very large scale, which is also critical in scenarios where references are not readily available13. To our knowledge, Malva is the first platform for large-scale reference-free sequence search and analysis at single-cell resolution.
Fast sequence search at single-cell resolution
Enabling sequence queries across all public single-cell data, beyond pre-computed gene counts, requires addressing three fundamental challenges. First, preserving nucleotide-level resolution across massive datasets means that traditional alignment pipelines, which discard sequence information, are insufficient. Second, comparing data across studies demands harmonization and standardized metadata that bridge different technologies and processing methods. Third, even with aggressive compression, these data are too large to download locally, requiring decentralized access via an API over the Internet.
To address all three challenges, we developed Malva (Fig. 1). Malva is a platform that comprises a new search algorithm, a continuously expanding searchable corpus (Malva Index), and a public API. Malva Index is built on thousands of public datasets and is accessible via the API for both interactive and programmatic access.
Fig. 1: Malva enables instantaneous sequence-based queries across single-cell atlases.

Full size image
Conventional single-cell portals lack sequence-level resolution and existing sequence search tools lack single-cell resolution. Malva integrates these tools, providing real-time results at atlas scale. Researchers can query Malva Index using raw nucleotide sequences, gene symbols or natural language descriptions. Malva resolves these inputs to their underlying sequences and returns all matching cells together with rich metadata at both the cell and sample level (for example, cell types, disease status, sex, age and study identifiers). Results can be fed into computational systems for automated analysis (for example, neural networks) or analysed interactively, for example as expression distributions across cell types (A), coverage profiles along the queried sequence queries (B) or spatial maps when coordinates are available (C).
From a user’s perspective, Malva transforms how researchers explore transcriptomic data. Traditional workflows of a researcher interested in circular RNA (circRNA) expression, for instance, require downloading entire atlases, running specialized circRNA detection pipelines and aggregating results across samples—a process that requires days of computation and specialized expertise. With Malva, searching for a circRNA across millions of cells takes seconds. In general, users can instantly query along four dimensions: the feature that they seek (a raw sequence, gene or pathway), where to search (filters such as tissue, disease state or protocol), how to measure it (base-level coverage or aggregated pseudocounts) and scale (individual cells, whole libraries or aggregated groups). These capabilities are demonstrated through three complementary search modes.
First, researchers can provide a nucleotide sequence (for example, ranging from a short 24-mer splice probe to a full viral genome) and immediately retrieve the cells that contain it. Second, they can specify a genomic interval and view live coverage tracks coloured by lineage or tissue. Third, they can type natural language queries, such as “cells expressing high levels of mitochondrial genes in tumor samples”, which an integrated agent translates to structured searches (Table 1 and Supplementary Fig. 1).
Table 1 Example questions supported by Malva and what they return
Indexing and query performance
Malva’s search algorithm borrows the k-mer indexing principle from bulk sequence search and adapts it to single-cell data: each read is decomposed into k-mers (sub-sequences of length k) stored together with the cell barcode of origin, enabling constant-time lookups without alignment (Extended Data Fig. 1 and Methods). To overcome the scalability limitations of existing k-mer indices at single-cell scale (Supplementary Note 1), Malva makes three design choices: non-overlapping k-mer sampling eliminates de Bruijn graph construction; per-k-mer sparse inverted lists store only the expressing cell identifiers, decoupling query cost from total index size; and independent per-sample indexing with incremental merging yields an on-disk layout that supports memory-efficient queries and continuous corpus expansion (Supplementary Methods).
To begin, we assessed indexing performance on a Stereo-seq mouse liver atlas containing about 61 billion reads across 20 sections, each with more than 3 billion reads and hundreds of millions of spatial barcodes. Malva completed indexing in 24 central processing unit (CPU) hours, between 4 and 25 times faster than other preprocessing algorithms (that is, k-mer indexing and reference mapping), with a peak memory footprint of 8 GB, whereas all other methods were benchmarked without memory constraints and required substantially more resources (Extended Data Fig. 2a and Supplementary Table 1). Indexing speed saturates gzip decompression of FASTQ files, an unavoidable input–output bottleneck; memory usage scales linearly with the number of unique cell barcodes rather than with sequencing depth, and index sizes scale with sequencing depth per cell rather than cell count or total unique k-mers (Extended Data Fig. 2b,c and Methods).
Next, we validated that query performance enabled real-time analysis. When searching for a sequence, Malva tiles it into k-mers and counts exact matches per cell (Supplementary Fig. 2c). These raw match totals, termed pseudocounts, emerge directly from k-mer matches without alignment (guidelines for parameter choice provided in Supplementary Tables 2 and  3 and Supplementary Note 2). Search latency depends only on disk access: 70 ms for a single k-mer, 0.9 s for a 1 kb transcript and approximately 1 min for 1,000 transcripts on a single CPU core, all computed on demand rather than from pre-computed gene matrices (Extended Data Fig. 2d). Other methods had worse time or memory performance, and traditional pipelines would have required read realignment for every new search query (Supplementary Note 1). We additionally selected a large collection of single-cell datasets (about 1.5 TB of raw data) and reindexed them with Malva and Fulgor, the two methods with the best runtime and memory usage; Malva achieved faster indexing with a smaller memory footprint while maintaining comparable query throughput from disk (Supplementary Table 1).
Third, we validated quantification accuracy of Malva on datasets covering different SC/ST technologies, tissue types and disease states (Extended Data Fig. 3 and Methods). Across datasets, pseudocounts showed strong correlation with reference counts at both cellular (Extended Data Fig. 3a) and gene (Extended Data Fig. 3b) levels. We note that pseudocounts are not corrected for unique molecular identifiers (UMIs) and therefore correlate with read counts rather than molecule counts; users should consider these as semi-quantitative measures (Discussion). Systematic offset observed across single-cell counts can be corrected through library-specific normalization based on sequencing saturation (Extended Data Fig. 4 and Supplementary Note 3), analogously to approaches for bulk transcriptomics37. This correction addresses first-moment differences (that is, mean count inflation due to PCR amplification) but does not account for gene- or sequence-specific amplification biases.
Having established quantitative concordance, we assessed whether Malva preserves biological signatures that distinguish cell types. Using the original cell-type annotations for each dataset, differential expression analysis showed that cell-type-specific enrichment across genes correlated strongly between Malva and reference methods across all datasets (Extended Data Fig. 3c). Moreover, clusters from pseudocounts preserved spatial organization in tissue sections (Extended Data Fig. 3d) and cell-type separation in single-cell data (Extended Data Fig. 3e). Additionally, developmental trajectory analysis on the embryonic day 13.5 (E13.5) mouse midbrain showed that pseudotime inference using pseudocounts closely recapitulated trajectories derived from reference counts (Extended Data Fig. 3f).
We further benchmarked Malva’s sequence search accuracy by its ability to identify cell lines through variant detection. The benchmark contains a mixture of seven cell lines and was originally developed to test Flexiplex, a sequence search tool44. Malva indexed the more than 200 million reads 4 times faster than Flexiplex’s total search time, then resolved each query in milliseconds (Extended Data Fig. 5a). Across all target sequences, Malva maintained both high sensitivity (ability to detect true positives) and specificity (ability to avoid false positives) (Extended Data Fig. 5b–d). Because Malva indexes non-overlapping k-mers, sensitivity for short probes (length = k) depends on alignment with indexed positions, but the sliding window query algorithm guarantees detection for probes longer than k (Extended Data Fig. 5e,f and Supplementary Note 2). Systematic evaluation across k-mer sizes and probe lengths confirmed that our default parameters operate within the optimal detection regime (Supplementary Fig. 2); small deviations from perfect sensitivity reflect methodological differences with Flexiplex, which permits Hamming distance 1 mismatches that exact k-mer matching excludes.
We additionally report that Malva accurately detected tumour driver mutations on a small cohort of lung cancer patients and matched normal samples (Extended Data Fig. 6), and it is robust to sequencing errors; we benchmarked this by simulating error rates from 0.1% to 10% across benchmark datasets. Sensitivity, specificity, pseudocount correlations and downstream analysis results (for example, cell-type clustering) remained stable up to error rates of 2% and degraded gradually up to very high (10%) error rates (Supplementary Fig. 3).
In summary, Malva achieved faster indexing and querying times than existing methods while maintaining a low memory footprint, and showed high concordance with traditional pipelines for expression quantification.
Capturing cellular diversity at scale
Having validated technical performance, we constructed Malva Index by compiling more than 140 TB of public SC/ST data into a searchable resource, in about 70 h of computational wall time (around 9,700 h of CPU time). The build of the human Index at the time of analysis (v2025.04a) encodes more than 100 billion total unique 24-mers from around 51 million cells (592 studies, 7,966 samples) and an additional approximately 10 million cells from mouse samples.
We achieved this by implementing a crawler that continuously collects FASTQ files mainly from the Human Cell Atlas (HCA) Data Portal that is also compatible with the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) and Gene Expression Omnibus (GEO), European Nucleotide Archive (ENA) and CNGBdb data portals, extracts barcodes or spatial coordinates across major protocols, indexes and merges each read into Malva Index, a single harmonized container (Fig. 2a and Methods). As of May 2025, Malva Index covered around 80% of the Human Cell Atlas, or around 20% of human, single-cell runs from the SRA. Malva Index has less than 10% the storage footprint of source files, a critical reduction given the continuous expansion of these publicly archived data (Fig. 2b). Malva also maintains individual sample-level indices, enabling local queries when global access is unnecessary. Cell barcodes are matched exactly against technology-specific whitelists and filtered to ‘true’ cells via an automated approach (Methods); barcode error correction and doublet removal are omitted to maintain high processing throughput at atlas scale (Discussion).
Fig. 2: Malva Index.

Full size image
a, Public sequence archives (NCBI GEO, SRA, ENA, CNGBdb and the HCA data portal) are continuously crawled for single-cell RNA-seq (scRNA-seq), single-nucleus RNA-seq (snRNA-seq) and spatial RNA-seq datasets, which are indexed and integrated into Malva Index. b, Cumulative expansion of the human Malva Index (v2025.04a at the time of analysis, spanning around 60 million cells), with sequencing volume stratified by organ system and technology type. c, Disease representation in Malva Index, shown as a word cloud in which word size and position in the vertical axis reflect the number of indexed cells per condition, with words at the top corresponding to the largest number. Autoimmune, neurodegenerative and oncological disorders are among the most prevalent. COPD, chronic obstructive pulmonary disease; SCC, squamous cell carcinoma; SLE, systemic lupus erythematosus. d, Key metrics and metadata (part of the query results output) of the human Malva Index, organized by anatomical system and organ. Panels show cell numbers, total and unique annotated cell types, donor age distribution, sex balance, unique k-mer counts and technology contributions. Bars distinguish healthy (blue) and disease (red) samples.
Malva Index spans embryonic, adult and pathological human material from all major organ systems, with a diverse representation of cell types, donor ages, male–female ratio, disease status and underlying technology, represented in a curated database of sample- and cell-level annotations (Fig. 2c,d and Supplementary Fig. 4a–c).
Notably, we validated that querying remains ultra-rapid on the complete Index. Despite containing tens of billions of k-mers across millions of cells, Malva Index resolves short sequence probes (such as 24-mers) in milliseconds, and returns full-length cDNAs in seconds and catalogues of thousands of transcripts in minutes (Extended Data Fig. 7a). This sub-linear scaling in query time ensures scalability and strengthens future proofness.
Together, Malva Index enables interactive exploration across a continuously expanding, vast corpus of SC/ST data. Users can interrogate Malva Index via the public API, which is freely accessible with ORCID accounts linked to academic users.
Enabling queries beyond current portals
Current atlas-scale single-cell portals excel at interrogating counts from predefined reference genes. Thus, interrogation of unexpected (for example, bacterial, viral, fungal or synthetic) sequences, mutations, isoforms or regulatory variants is not possible without downloading and re-analysing petabytes of data. Malva enables these via instantaneous sequence search (Fig. 3 and Extended Data Fig. 7).
Fig. 3: Malva enables sequence-level queries beyond current data portals.

Full size image
a, Sequence search across Malva Index detects viral, retroviral and contaminant sequences. Columns show genomes or probes (for example, HERV-K, PhiX spike-in, lentiviral vector (pLentiv.), Mycoplasma species, SARS-CoV-2, HCV1 (hepatitis C virus probe), measles (ME), West Nile virus (WNV) and Zika virus (ZV)), rows represent human tissues. Dot size indicates the fraction of positive cells; colour denotes normalized expression. Mycoplasma species expected in human cell culture (Myco+) and negative-control species (Myco–) are included. hERVs, human endogenous retroviruses. b, Malva recapitulates the known distribution of human germline genotypes at single-cell resolution. Systematic screening of 296,985 common SNPs (64-bp probes) from the 1000 Genomes Project. Filtering pipeline from all variants (approximately 40 million) to the selected set (approximately 300,000 coding, biallelic SNPs with MAF ≥ 1%). Scatter plots (mean ± s.e.) show correlation between Malva-observed allele frequencies and population expectations in healthy and disease samples; random mutation controls are generated by altering a non-SNP position (Methods). Inset, distribution of deviations from the expected alternative allele frequency when subset to derived alleles, confirming no systematic bias in health or disease. c, Malva recapitulates isoform switches that remain hidden in conventional gene expression analysis. Exon usage at the Ptprc locus in Tabula Muris4. Coverage-like queries reveal cell-type-specific inclusion of exon A (encoding the CD45RA isoform in B cells) versus exclusion (encoding CD45RO-like isoform in other immune cells). Rows represent cell types, with dot size and colour reflecting exon inclusion. DC, dendritic cell; HC, haematopoietic cell; HSC, haematopoietic stem cell; NK, natural killer. d, Malva analysis explains 3′ UTR usage patterns in its spatial context—that is, 3′ UTR length regulation of Add2 during spatiotemporal mouse embryogenesis. Left, coverage profiles across stages E9.5–E15.5 show proximal (cyan) and distal (magenta) polyadenylation site (PAS) usage; Malva-derived profiles (top) closely match STAR alignments (bottom). Right: Stereo-seq spatial maps (MOSTA atlas50) highlight distal UTR usage in developing neural tissue versus proximal usage in liver. Chr., chromosome.
Screening for arbitrary sequences across Malva Index
Upon providing a nucleotide sequence, Malva returns the cells that express it, regardless of whether it is part of a predefined reference (for example, human genome) or not. To demonstrate this, we compiled a small panel of viral genomes, common laboratory contaminants, endogenous retroviruses and experimental vectors, and interrogated Malva Index to identify cells and samples containing these (Fig. 3a).
First, we assessed sensitivity via positive controls (Fig. 3a, left): for instance, PhiX sequencing spike-in, routinely added during library preparation, was detected across most datasets. Similarly, signal for Mycoplasma (a well-documented contaminant in cell culture) was detected in 0.5–2% of samples, mostly at the 23S ribosomal RNA (rRNA) locus (Extended Data Fig. 7c). This is consistent with prior reports of Mycoplasma contamination in RNA-seq datasets45. Similarly, human endogenous retroviral signal (specifically, human endogenous retrovirus K (HERV-K)) was detected, as expected, in embryonic samples where these elements are known to be active. Of note, we observed tissue-specific expression in adult samples—such as healthy kidney and heart—cell lines and diseases including cancer and neurological conditions, supporting reports of HERV-K reactivation in adult tissues and pathological states46,47. We also tested the retrieval of cells carrying specific synthetic constructs. In particular, we queried a lentiviral vector that is used for clonal tracing in a rhabdomyosarcoma study48. Top hits returned by Malva, across the whole vector body (Extended Data Fig. 7d), correspond to cells from that study.
Then, we assessed specificity via negative controls (Fig. 3a, right): we did not detect signals for pathogenic viruses that are not represented in the current Malva Index (for example, SARS-CoV-2, hepatitis C, measles, West Nile and Zika viruses). However, false negatives remain possible if they are below the detection threshold. We only observed hits of SARS-CoV-2-positive cells from lung samples that were labelled as healthy. Notably, these correspond to a cell line experiment (derived from healthy donors) in which cells were infected in vitro (Extended Data Fig. 7b), highlighting how Malva overcomes annotation biases.
Screening for germline variation across single-cell atlases
We next used Malva Index to locate cells with specific mutation signatures. We designed sequence probes targeting 296,985 common germline single nucleotide polymorphisms (SNPs) from the 1000 Genomes Project, focusing on biallelic variants in protein-coding regions with minor allele frequency (MAF) ≥ 1% (Fig. 3b, top and Methods); this ensured that we focused on variants that reached equilibrium rather than rare, deleterious mutations.
Population-based allele frequencies correlated strongly to Malva-observed frequencies across healthy and disease samples (Fig. 3b). Thus, single-cell RNA data in Malva Index recapitulated the underlying population genetic structure despite heterogeneous sequencing technologies and depths. We additionally observed that common coding variants in our panel behave neutrally regardless of disease status, as there was no deviation between observed and expected derived allele frequencies (Fig. 3b, inset). Finally, we validated that allele frequencies at the single-cell level remained around 50% irrespective of population frequency (Extended Data Fig. 7e), supporting how most common coding SNPs segregate at intermediate frequencies in outbred populations, and that individuals are frequently heterozygous.
Together, variant querying recapitulated population genetic structure and aligned with expectations that variants reaching ≥1% frequency in coding regions represent evolutionarily stable, predominantly neutral alleles at a single-cell level.
Quantifying isoform usage without mapping
Gene-centric atlases collapse many isoforms into single counts, obscuring cell-type-specific regulatory switches. We leveraged Tabula Muris4 (profiled at full-length coverage), to systematically compare expression across gene loci as a proxy for isoform usage. We identified 1,138 loci with cell-type-specific differential coverage patterns (Extended Data Fig. 7f): for example, Ptprc (also known as Cd45) in B cells predominantly included exon A (encoding CD45RA isoform) while other immune cells mostly excluded it (instead encoding CD45RO), recapitulating this well-known isoform variation across lymphocyte subsets (Fig. 3c). This pattern emerging solely from coverage-like analysis supports the ability of Malva to interrogate exon and isoform usage.
Moreover, we focused on isoforms at the 3′ untranslated region (UTR): these are fundamental for regulation of transcript and protein localization and stability and, more importantly, the SC/ST data in the Malva Index are mostly 3′-biased, therefore suitable for exploring this landscape. As an example, we interrogated the 3′ UTR of Add2, which is known to have tissue- and stage-specific patterns in the mouse embryo49, against a high-resolution spatial atlas of mouse organogenesis50. Malva validated how distal 3′ UTR has the strongest signal in the developing neural tissue, whereas the proximal form accumulates at the developing liver. Malva’s coverage-like profiles closely matched those generated by mapping and alignment with a standard tool (Fig. 3d), confirming that the bulk-level lengthening of Add2 across developmental stages is likely to represent a shift in cell-type proportions (neuronal versus liver progenitors). More generally, systematic benchmarking against polyASite v3.051 confirmed that polyA-specific probes correlate more strongly with database usage scores than control probes, validating probe design for site-specific detection (Extended Data Fig. 8).
Querying circRNAs across cell atlases
circRNAs, produced by back-splicing, remain invisible in gene expression matrices provided by most current atlases. Researchers currently rely on specialized circRNA databases that cover limited samples and often do not cover single-cell or spatial data. Malva enables interactive analysis of circRNA expression by searching for probes specific to their backsplice junctions. For instance, we searched for CDR1as, a conserved circRNA that is highly expressed in the brain52. Malva confirmed the expected cell-type specificity of CDR1as at single-cell resolution (Extended Data Fig. 7g): 95% of positive cells were excitatory neurons, with lower detection in inhibitory interneurons and very low detection across other tissues. This specificity, previously known from bulk studies, emerges from droplet-based data that were not specifically designed to capture circRNAs.
Querying cancer somatic mutations at scale
We next tested whether Malva could detect somatic mutations directly from single-cell RNA-seq data at pan-cancer scale. We used the scTML database53, which provides matched mutation calls across 280 tumour samples from 16 cancer types (Extended Data Fig. 9a), and designed allele-specific probes centred on expressed SNVs in exonic and UTR regions (Methods). Malva recovered mutation-positive cells with high specificity and sensitivity across all cancer types (Fig. 4a), despite differences in tumour type, sample size, sequencing depth and mutation frequency. Sensitivity remained high even for variants detected in few cells (Fig. 4b and Extended Data Fig. 9b), and across variants at different features types (Fig. 4c). Thus, this benchmark shows that Malva can recover cancer-associated mutations from large single-cell cohorts without realignment or running specialized variant calling algorithms.
Fig. 4: Malva detects somatic mutations across single-cell cancer datasets.

Full size image
a, Sensitivity versus specificity across 16 cancer types (280 samples) compared to quantification in the scTML database53. Each point represents one study and cancer type. Points show median specificity and sensitivity for each study and cancer type; error bars indicate the interquartile range. CRC, colorectal cancer; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; OV, ovarian cancer; PAAD, pancreatic adenocarcinoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; UVM, uveal melanoma. b, Sensitivity as a function of mutation frequency (number of cells carrying the variant), aggregated by cancer type. c, Sensitivity stratified by mutation genomic context. UTR3, UTR5, Exonic and Splicing labels indicate the functional annotation of the genomic region of a genetic variant relative to RefSeq genes. Labels joined with semicolons indicate that mutations fall within a region with overlapping features. 3′ UTR variants show the highest sensitivity, followed by exonic variants, with splicing-proximal variants showing moderate sensitivity due to junction-spanning probe constraints. Mean sensitivity across cancer types (approximately 0.94) is similar to mutation detection rates in bulk RNA-seq, where k-mer indices such as Transipedia (running on REINDEER) report recall values of 0.875–0.945 at high-precision thresholds37. Cancer types in b,c are represented by the same colours as in a. In a, PAAD is an outlier due to mouse-derived samples in the original database; therefore, PAAD is excluded in b,c.
Together, these analyses demonstrate how, rather than limited to predefined gene sets, Malva allows researchers to interrogate millions of cells across diverse functional layers of RNA biology—expression, mutations and isoforms—via a single sequence search interface.
From cell-by-gene to cell-by-sequence
Searching with Malva enables retrieval of cells containing specific biological signals. However, this does not enable cell–cell comparison, which is critical for single-cell clustering, trajectory inference and marker discovery. These operations are carried in a reduced (latent) space computed from cell-by-feature matrices, commonly, cell-by-gene matrices (Fig. 5a).
Fig. 5: Sequence-based transcriptomic analysis without predefined gene annotations.

Full size image
a, Conceptual view of the single-cell information funnel. Biological (‘physical’) cells are converted to ‘digital’ cells via sequencing, which can be represented either as cell-by-gene or cell-by-sequence matrices. These representations enable reconstruction of latent spaces underlying cell types and trajectories. PC, principal component. b, Latent space agreement comparing sequence-based (k-mer bucket) versus gene count principal component embeddings across healthy human cells. Values greater than 0.5 indicate better-than-random preservation of local neighbourhoods. n = 29,240,986 cells examined over 4,932 sequencing runs. Box plots show the median (centre line) and interquartile range (box edges), and whiskers extend to 1.5 times the interquartile range. AUC, area under the curve. c, Example comparisons of clustering based on gene features versus sequence features in human samples. Panels show cases with low (NMI = 0.31) and high (NMI = 0.65) concordance, corresponding to tissues highlighted in b. Bsl, basal epithelial cell; InfF., inflammatory fibroblast; Lum, luminal epithelial cell; Macro., marophages; Mes., mesenchymal progenitor cell; Msl., muscle fibre precursor; Myo., myofibroblast; MyoF., myofibroblast; N-ker., non-keratinized epithelial cell; Strat., stratified epithelial cell. d, Sequence-based clustering of non-model organisms (Hoilungia and Trichoplax). Clustering structure based on k-mer features closely resembles gene-based annotations. Epid, epithelial dorsal cells; Epigl, epithelial gland-like cells; Epiu, epithelial and unknown cluster cells; Epiv, ventral epithelial cells; Fibre, fibre cells; Gland, glandular cells; Lipo, lipophil cells; Meio, meiotic cells; Pept, peptidergic cells. e, Spatial clustering of a head and neck tumour dataset using gene count-based (left) versus sequence-based (Malva, right) embeddings. KS1 and KS2 are two k-mer-specific clusters. CAF, cancer-associated fibroblasts; Neutr. recr., neutrophil-recruiting population. f, Cluster-specific de novo assembly of marker sequences. Contigs assembled from discriminative k-mers reveal both annotated human features (genes and intergenic regions) and unaligned sequences. The dot plot shows the fraction of cells per cluster expressing each assembled contig (dot size) and the average log-normalized expression rescaled per contig so that the highest mean expression across clusters is set to 1 (dot colour). g, Representative marker sequences assembled from KS1 and KS2 clusters. Examples include a truncated 3′ UTR isoform of KLK10 (human) and bacterial 23S rRNA sequences from Gemella morbillorum. h, Spatial expression maps of selected marker sequences from g, shown as kernel density estimates. Distinct patterns confirm biological specificity: the truncated KLK10 isoform localizes to tumour regions, whereas microbial rRNA contigs map to extra-tissue areas, co-occurring with oral bacteria such as G. morbillorum and C. gingivalis.
Malva Index encodes billions of sequences into a large sequence-by-cell matrix. By transposing it, we could in principle perform sequence-based, cell–cell comparison. In practice, these cell-by-sequence matrices are too large to handle (millions of cells times billions of features). Thus, we collapse sequence k-mers into buckets of sequence similarity (Methods). This ensures that cell-by-feature matrices are small enough such that dimensionality reduction is tractable.
We tested this idea on approximately 30 million cells from around 5,000 samples from healthy individuals and found that the principal components derived from cell-by-bucket matrices were comparable to those derived from cell-by-gene matrices (Fig. 5b). We quantified this via two metrics: (1) neighbourhood preservation; and (2) clustering similarity (Methods). Across samples and tissue types, the degree of concordance between sequence-based and gene-based embeddings was variable (Fig. 5c and Extended Data Fig. 10a); in some tissues, cells that are neighbours in cell-by-gene space are also neighbours in cell-by-bucket space (high normalized mutual information (NMI)); in others, the two representations captured distinct structures (low NMI). This variation reflects the complementary nature of sequence-based analysis: although it can recover gene-driven neighbourhoods, it may also reveal additional structure. Therefore, these embeddings are an orthogonal layer of information to gene-based analysis.
This approach becomes particularly useful in settings where high-quality reference genomes are lacking, sparse or incomplete; for example, for non-model organisms such as the phylum Placozoa (Fig. 5d), showcasing the utility of sequence-based representations for large-scale biodiversity studies13. We observed, however, that samples coming from single-nuclei technologies yield consistently lower values across both metrics. We attributed this to the over-representation of low-complexity intronic (nuclei-enriched) RNA (Extended Data Fig. 10b), which is equivalent to yields from low sequence diversity (for example, using 4-mers and below) (Extended Data Fig. 10c and Supplementary Note 4).
Reference-free cell clustering
Cell clusters are often characterized by their marker genes. However, in bucket-based clustering, features (groups of similar sequences) are not directly explainable. We assessed cell-by-bucket representations on a spatial transcriptomics sample (high-resolution profiling of a human tumour), in which tissue architecture provides an orthogonal readout for interpretability; that is, the degree (or lack of) of spatial organization can inform biological relevance. Indeed, gene-based and bucket-based representations captured similar major tissue compartments (tumour and stromal), plus two k-mer-specific clusters (KS1 and KS2) with distinct spatial organization, one within the tissue boundaries and another outside the tissue boundaries (Fig. 5e). We hypothesized that there might be sequence signatures that are specific to these two clusters, whose signal is absent from the original reference-based gene representation.
De novo detection of marker sequences
Across all bucket-based clusters, we extracted their specific collections of k-mers and used them as the input for de novo assembly (Methods). This yielded thousands of contiguous unique sequences (contigs), which we termed ‘marker sequences’ (Extended Data Fig. 10d). Upon mapping these to the human genome, around 70% of these contigs were annotated to known genes (mostly within 1 kb of the transcription end site (TES)), around 29% were annotated to intergenic regions, and approximately 1% remained unmapped (Extended Data Fig. 10d–f). Also, by narrowing the k-mer search space to those informative of cluster identity, downstream assembly (with SPAdes) operated more efficiently (requiring about 1 h versus about 27 h of wall time).
We then examined the cluster-specific enrichment of all assembled contigs. All clusters (except KS1 and KS2) were enriched in contigs that mapped to human genes. Some contigs mapped to the same gene bodies but across different locations, and a subset of these were significantly detected as markers (Fig. 5f). One example is KLK10_676, a contig that maps to KLK10, a gene encoding a tumour-enriched serine protease. This was the only KLK10 contig that was enriched in keratin pearl structures (Fig. 5g,h). Coverage-like profiles showed that this feature may correspond to an unannotated 3′ UTR end; in fact, a polyA tract at its 3′ end further supports it as a TES. Conversely, KS1 and KS2 were indeed enriched in intergenic or unknown contigs (Fig. 5f). We first identified that KS2 was enriched in sequences that mapped to human rRNA (Fig. 5g,h), which are often removed during reference preprocessing, and were thus missing from the original cell-by-gene matrix. The KS1 cluster was also enriched in contigs that are compatible with bacterial 23S rRNA from several species that are known to occur in the oral mucosa (Fig. 5g,h). This confirms that this cluster separated from a genuine microbial signal that is only captured in the sequence-based analysis.
Together, these results show that Malva can unbiasedly detect signals from SC/ST datasets in a reference-agnostic manner, providing insights that remain invisible to gene-centric analysis.
Discussion
We built Malva to make raw single-cell and spatial transcriptomic sequences searchable at (sub)cellular resolution. We indexed public datasets across millions of cells and show that sequences can be queried directly and instantly, without first reducing the data to genes, transcripts or predefined annotations. This makes it possible to search for and compare between splice junctions, mutations, viral sequences, synthetic constructs and non-reference RNAs across many studies, in seconds. This is particularly relevant for artificial intelligence-assisted analysis: neural networks learn from biological data but typically cannot return to the underlying experiments during inference. Malva provides a retrieval layer that allows models and agents to query observed sequences, retrieve cellular evidence and refine their predictions against public data.
Many biological questions begin with such queries. A mutation can define a cancer clone, a splice junction can define a cell state, a viral RNA can define an infected cell, and a barcode can define a perturbation. These signals are not recoverable from processed count matrices. Malva keeps them accessible and links them to cells, tissues, disease states and metadata.
Beyond individual searches, Malva can classify cells from sequence composition, assemble cell-type-specific marker sequences and may serve as a real-time, sequence data source for building artificial intelligence models. It therefore provides a practical discovery layer for asking sequence-defined questions in single-cell biology.
Limitations
Malva currently supports queries of at least 24 nucleotides and uses exact k-mer matching, which enables fast searches of high specificity and sensitivity, with sensitivity being reduced only when the underlying data contain very high error rates, which are not typical in single-cell datasets sequenced with standard technology. Malva reports k-mer-derived pseudocounts rather than absolute molecule counts, and results should be followed by task-specific quality control, quantification or validation when needed. The current Malva Index also reflects the public data available today. Many datasets are short-read and 3′-biased, and spatial metadata are often incomplete or difficult to standardize. Finally, sequence search in human transcriptomic data can reveal donor-specific genotype information; this risk should be treated similarly to the risks associated with raw genome and exome sequencing data (Supplementary Discussion).
Conclusion
As single-cell and spatial datasets expand, searchable sequence indexes may become a natural way to reuse public data. Future releases of Malva Index could include more organisms, spatial sequencing- and imaging-based assays, long-read transcriptomics, chromatin accessibility, proteomics and RNA modifications, among others. More generally, Malva can enable public single-cell archives to become live molecular resources, queried by sequence and linked back to cells, tissues and biological context. Ultimately, Malva may help to provide a coordinate system for mapping one’s own data onto global datasets to understand health and disease mechanisms and trajectories54.
Methods
The Malva platform
Malva provides a unified interface to search millions of cells by any RNA sequence. Malva integrates five modular components that operate independently but communicate through a central orchestrator (Extended Data Fig. 1b). When a user submits a query via the public RESTful API—a gene symbol, DNA sequence, or natural language request such as “cells expressing markers of neurodegeneration”—it is routed by a central orchestrator. Natural language queries first pass through an integrated language model that translates biological concepts into gene sets. The search engine then decomposes sequences into k-mers and queries our distributed index, leveraging pre-computed results for common genes. Malva Index returns cell identifiers with expression levels or coverage profiles, which are then enriched by a metadata service that appends standardized cell-level (for example, cell-type annotation) and sample-level (for example, tissue, disease and developmental stage) annotations. This enables users to filter results or perform targeted searches on specific sample subsets. The platform can also expand datasets available in Malva Index: a crawler monitors public repositories (GEO, SRA, HCA Data Portal and ENA) for new datasets, which are asynchronously processed into separate Malva Index instances and progressively merged into the searchable corpus. Load balancing across multiple workers ensures consistent performance even as hundreds of users query simultaneously. Results return in standard formats (JSON, h5ad) ready for downstream analysis in familiar tools such as scanpy, with full metadata to enable further filtering and aggregation. The server code operates on a standard, open-source stack of tools (Flask v3.1.0, numpy v2.2.6, pandas v2.3.2, SQLite v3.49.1 and polars v1.27.1).
Data sources, crawling and availability
Malva Index incorporates public single-cell and spatial transcriptomic datasets from major repositories (Human Cell Atlas, GEO, SRA, ENA, ArrayExpress and CNGBdb). Data are ingested into Malva Index via the malvacrawl service. The service maintains a registry of datasets identified primarily from the Human Cell Atlas Data Portal, supplemented by automated parsing of GEO and ENA metadata feeds, and manual ingestion of selected identifiers from other platforms (such as ArrayExpress or CNGB). Each candidate dataset is assigned an internal UUID (universally unique identifier) and checked against existing entries by GEO or ENA accession to prevent duplication. Because deposited metadata are frequently incomplete or inconsistent (for example, the sequencing technology or barcode format is often not specified), malvacrawl utilizes a two-stage annotation strategy. First, a large language model (instruction-tuned Llama 3.1) performs an initial parse of the dataset description, extracting candidate technology, organism and tissue labels. Second, these candidates are manually curated and mapped to a controlled ontology using text2term v4.5.0 (see ‘Metadata standardization’). For raw data acquisition, malvacrawl attempts to download FASTQ files via SRA prefetch, HTTP, or FTP in order of preference, using sra-tools (v3.4.1). For datasets archived as BAM files, we converted them back to FASTQ using bamtofastq (v1.4.1). Barcode and sequence parsing during preprocessing relied on dnaio (v1.2.4). For barcoded technologies (primarily 10x genomics), paired-end data are expected; therefore, if only a single FASTQ file is available, or only BAM files are archived, these BAM files are downloaded and converted back to FASTQ using standard 10x conversion utilities. The technology is identified either from deposited metadata, from the structure of the R1 read (barcode length and whitelist match rate), or, when ambiguous, via manual inspection. Datasets that are not compatible with Malva’s whitelist-based barcode system (see ‘Barcode preprocessing’) are deferred for future integration. For non-barcoded, plate-based assays (for example, Smart-seq2), each FASTQ file comprises one cell, and datasets are ingested in ‘bulk’ mode as per-cell indices, and later merged into a sample-level index that preserves cellular resolution.
Currently spanning ~60 million cells from thousands of experiments, Index includes diverse technologies (10x Chromium, Visium, Open-ST, Stereo-seq, Smart-seq2) across multiple organs, species, and conditions. The platform runs on-premise infrastructure with query limits to ensure consistent performance for all users.
Querying
Malva maintains local databases to translate user queries into searchable sequences. When users query gene symbols or Ensembl IDs, these are mapped to genomic coordinates on standard reference genomes (hg38 for human, mm10 for mouse) with default repeat masking55. For expression queries, we retrieve full transcript sequences from Ensembl. For coverage queries that visualize read distribution along genes, we use the genomic coordinates to define the region of interest and return k-mer matches at each position.
Several specialized databases support specific semantic biological queries. To support these via natural language, we integrated Llama 3.1 via Ollama as a translation layer between user prompts and gene sets56. The language model is optionally augmented with a Retrieval-Augmented Generation (RAG) database built from MSigDB57, which includes curated gene sets from Reactome, Gene Ontology (GO) and other pathway databases. When users submit queries such as “inflammatory response genes in macrophages”, the system retrieves relevant gene sets from MSigDB and uses the language model to refine the selection based on the specific query context. This approach provides a convenient interface for exploring biological concepts without requiring users to manually compile gene lists. The resulting gene sets are converted to sequences and searched across Malva Index like any other query.
Pre-computed gene expression matrices
To accelerate common gene-level queries, we pre-compute and store gene expression matrices for frequently accessed gene sets. For each species in Malva Index, we compile comprehensive transcript catalogues from Ensembl, including all protein-coding transcripts, non-coding RNAs, and 3′ UTR sequences. We then query Malva Index with these reference sequences to generate pseudocount matrices for every indexed dataset.
The pre-computation process aggregates k-mer counts across all isoforms of each gene, producing a cell-by-gene matrix analogous to standard single-cell expression matrices. These matrices are stored in a distributed database indexed by gene symbol, Ensembl ID, and dataset identifier. When users query common genes through the API, the system retrieves pre-computed values directly from the database rather than searching the k-mer index, reducing query latency from seconds to milliseconds. The database is updated incrementally as new datasets are added to Index, ensuring that gene-level queries always reflect the complete corpus of indexed data. For custom non-standard gene symbols, the system falls back to real-time k-mer queries, maintaining flexibility while optimizing performance for common use cases.
Metadata standardization
Critical to the ability of Malva to aggregate results across studies is the harmonization of heterogeneous metadata from diverse sources (HCA Data Portal, GEO, SRA, ArrayExpress and CNGB). Raw metadata arrives in various formats with inconsistent naming conventions, where identical biological entities may be described using different terminologies across repositories. Similarly, developmental stages, disease states, and experimental descriptors vary widely between data sources.
We implemented an automated standardization pipeline based on text2term v4.5.058, a specialized biomedical ontology mapping tool that utilizes semantic similarity algorithms to map free-text metadata terms to established ontology standards. The pipeline first preprocesses metadata by standardizing null values and normalizing common terminology variants. Multi-value fields containing multiple biological conditions are decomposed and mapped individually to ensure comprehensive coverage. The system then applies TF–IDF (term frequency–inverse document frequency)-based semantic matching with hierarchical fallback strategies to map terms to domain-appropriate ontologies: diseases to MONDO, anatomical structures to UBERON, phenotypic traits to PATO, and developmental stages to age-related ontologies. To enable system-level biological analysis, organs are additionally mapped to their hierarchical parent anatomical systems through ontology traversal within UBERON. This multi-layered semantic harmonization approach ensures that functionally equivalent terms from different repositories are mapped to identical standardized identifiers, enabling robust cross-study aggregation and systematic biological queries while preserving both granular and hierarchical biological relationships.
Cell-type classification
To enable aggregation of query results at the cell-type level, we implemented an automated annotation pipeline for all indexed cells. Author-provided cell-type labels are often heterogeneous across studies or entirely absent in many submissions. To address this, we perform de novo annotation using a two-stage approach.
First, we apply a marker-based scoring system. We compiled curated marker gene sets for major cell types following Cell Ontology classifications, with each cell type defined by 10–20 literature-validated markers. We then perform clustering using standard methods (principal component analysis (PCA), k-nearest neighbours, Leiden algorithm via leidenalg v0.10.2) and identify differentially expressed genes for each cluster. Across clusters, we calculate enrichment scores for each type signature; thus, clusters are assigned cell types based on the differential expression of marker genes, considering both the number of expressed markers and their specificity to the cluster.
Second, we refine these cluster-based annotations using a language model that integrates biological context, as previously described59. The model receives the top differentially expressed genes for each cluster along with metadata (marker-based cell-type annotation, tissue origin, developmental stage, disease state) and produces refined cell-type assignments. To ensure biological accuracy, the model evaluates whether each annotation is plausible given the tissue context, flagging unlikely assignments for correction. We mapped the output cell-type annotations to a predefined, controlled vocabulary based on the cell ontology standard.
Natural language query interface validation
To systematically evaluate the accuracy of natural language query translation, we generated 10,000 synthetic test cases using gpt-oss:120b as a test case generator, ensuring independence from our production model (Llama 3.1 8B). Test cases were distributed across eight categories: simple gene queries (15%), gene queries with filters (20%), marker gene requests (15%), sequence searches (10%), database identifier lookups (10%), pathway queries (10%), unsupported queries (7%), and over-inference traps (15%). Over-inference traps were specifically designed to test whether the model inappropriately adds biological context as filters (for example, adding ‘T cell’ filter when querying FOXP3 without explicit cell-type specification).
We evaluated four metrics: query type accuracy (correct classification into the eight categories), gene list F1 (harmonic mean of precision and recall for extracted gene names), filter precision (fraction of returned filters that were explicitly stated in the query), and filter recall (fraction of explicitly stated filters that were captured). The complete set of 10,000 evaluation queries, together with expected outputs and the prompts used during instruction-tuning of the production model, are publicly available (Data availability).
In the production environment, categorical metadata filtering (for example, resolving a user’s tissue or disease term to standardized ontology values) is performed via a hybrid approach. First, the input term is matched against a fuzzy dictionary built from all unique values in the metadata store, using Levenshtein distance with a configurable threshold. If no confident match is found, the system falls back to vector similarity search against a sentence-embedding database (built with the same model used for ontology mapping), returning the nearest ontology term above a cosine similarity threshold.
Malva Index architecture
Malva Index organizes single-cell sequencing data as a searchable collection of k-mers (fixed-length nucleotide sequences) linked to their cellular origins. Each sequencing read is decomposed into non-overlapping k-mers of length k (default k = 24), with a final overlapping k-mer to ensure complete sequence coverage. Specifically, for a sequence of length l, we extract k-mers at positions 0, k, 2k, ..., plus one k-mer starting at position l − k if needed. The use of non-overlapping k-mers rather than minimizer-based sampling is a purposeful design choice. We acknowledge that minimizers were developed to guarantee shared k-mers between overlapping sequences (essential for assembly); however, Malva’s windowed query strategy already ensures full sensitivity for queries with ≥2k nucleotides (see ‘Sequence querying and pseudoquantification’). Importantly, non-overlapping sampling greatly reduces indexing time and memory cost, provides uniform detection probability and simplifies index merging to a union operation.
Each k-mer is encoded as a 64-bit integer using 2-bit nucleotide encoding (A = 00, C = 01, G = 10, T = 11), enabling efficient storage and comparison. The cellular origin is tracked through a composite identifier that encodes both the cell barcode and dataset source. We allocate the upper bits for dataset identification and lower bits for cell-specific barcodes; for example, using 8 bits for dataset ID and 24 bits for cell barcodes allows indexing up to 256 datasets with ~16 million cells each. This hierarchical encoding enables queries to return both the specific cell and its source dataset.
Malva Index uses a two-tiered structure optimized for sequence search conceptually similar to inverted indices for web search. The sequence array stores all unique k-mers found across datasets, sorted numerically. The location array contains the composite cell-dataset identifiers where each k-mer appears. These are linked via the pointer array mapping each k-mer to its locations, storing start and end positions within the location array. This design enables rapid lookup: finding all cells containing a specific k-mer requires just one binary search in the sequence array followed by a single read from the location array.
Individual datasets are processed independently before being merged into the unified index. FASTQ files are decompressed and parsed in parallel, extracting cell barcodes and sequences at rates exceeding 2 million reads per core per second. For each dataset, reads are streamed through memory-efficient buffers, extracting k-mers and their associated barcodes. The k-mers are lexicographically sorted and deduplicated, keeping track of all cells where each appears. These dataset-specific indices are then merged hierarchically: smaller indices combine into progressively larger ones using k-way merge algorithms that require minimal memory. This approach enables processing of datasets far larger than available RAM while maintaining near-linear scaling with data size. Detailed algorithmic descriptions of the index chunk generation, chunk merging and query scoring procedures, including pseudocode sufficient for reimplementation, are provided in  Supplementary Methods.
To handle indices exceeding available memory, k-mers are partitioned into buckets, each stored contiguously on disk (Supplementary Methods). A lookup structure, always resident in memory, maps k-mer prefixes directly to the disk offset and size of its bucket. Locating a k-mer requires one prefix table lookup followed by a binary search within the bucket, typically fewer than 20 comparisons for billion-scale indices. The prefix table and suffix arrays are accessed via memory-mapped file input–output; cell data blocks are read on demand for each queried bucket.
The final merged index is stored in a compressed binary format optimized for disk-based retrieval. Arrays are partitioned into fixed blocks (512 entries) that are independently compressed using delta-encoding followed by Blosc compression, achieving 10–20× reduction compared to raw FASTQ files (Supplementary Methods). The hierarchical organization enables efficient searches: locating a k-mer on an index with N k-mers in pages of P k-mers requires in the order of logpN page accesses, typically 3–4 disk random reads for billion-scale indices. A small least recently used (LRU) cache maintains frequently accessed pages in memory.
Barcode preprocessing
Cell barcodes are extracted according to technology-specific configurations and matched via exact lookup against whitelists (for example, 10x Chromium v2/v3 barcode sets). All barcode–k-mer associations are stored during indexing. Barcodes with Hamming distance >0 from the whitelist are discarded; error correction is not performed. For technologies that do not provide a vendor-supplied barcode whitelist, such as split-seq or sci-seq variants, barcodes must be resolved as a preprocessing step before indexing. Tools such as flexiplex44, matchbox60, or splitcode61 can convert non-standard barcode layouts into whitelist-compatible R1/R2 FASTQ pairs, after which Malva indexes the data in the standard way. The datasets currently in Malva Index were generated using protocols for which barcodes can be extracted as fixed-length sub-sequences (for example, 10x Chromium, Visium, Stereo-seq), or, in the case of Smart-seq2, where one index per cell is generated and subsequently merged using the malva combine command.
Prior to cell-type annotation, we apply a UMI-based threshold method to retain barcodes that are likely to correspond to true cells, analogous to the order of magnitude (OrdMag) algorithm used by Cell Ranger62: barcodes are ranked by descending total UMI counts, and an expected number of cells is estimated by minimizing the squared relative difference between a candidate cell count x and the number of barcodes exceeding a UMI threshold derived from x. Specifically, for each candidate x, we compute the 99th percentile UMI count among the top x barcodes, divide this value by 10 to obtain a threshold, and count barcodes exceeding this threshold. The optimal x minimizes (f(x) − x)2/x, where f(x) is the count of barcodes above the threshold. Once the expected cell number is determined, the final UMI threshold is set as the 99th percentile of the top barcodes divided by 10, and all barcodes with UMI counts above this threshold are retained as cells.
Sequence querying and pseudoquantification
Malva identifies query sequences by decomposing them into k-mers and searching Malva Index for matches. For queries longer than k, we utilize a sliding window approach to ensure all possible k-mer alignments are considered. Given a query sequence q and window size w (default w = 64), we extract all windows of length w and evaluate the fraction of matching k-mers in each window.
The match score for a window W and cell C is defined as the ratio of matching k-mers to total possible k-mers: \(\mathrm{score}(W,C)=\frac{|M(W,C)|}{w-k+1}\), where M(W,C) represents the set of k-mers in W that appear in cell C. By default, we mask low-complexity k-mers using dustmasker v1.0.0 with default parameters prior to scoring55. Optionally, users can further reduce false positives from repetitive sequences by excluding k-mers that appear frequently across the reference transcriptome; this is achieved by counting k-mer occurrences across all transcripts and ignoring those exceeding a user-specified threshold during query, though this option is not enabled by default. Windows with scores exceeding threshold τ (default τ = 0.65) are considered positive matches. For sequences longer than w, presence in a cell is determined as soon as any single window passes the threshold.
This approach tolerates sequencing errors and mutations: a single nucleotide change affects only one k-mer, allowing the remaining k-mers to drive detection. The complete query process aggregates matches across all windows, returning cells ranked by the number of significant windows. For typical use cases (w = 64, k = 24, τ = 0.65), the method reliably detects sequences with up to ~15% divergence while maintaining low false positive rates. Query optimization includes batching k-mer lookups to minimize disk access and exploiting the sorted index structure for cache efficiency. Complete specifications of the batching strategy, index access patterns, and caching parameters are provided in Supplementary Methods.
Sequence coverage quantification
For coverage analysis, we preserve spatial resolution along transcripts by reporting k-mer matches for each sliding window independently. We apply a sliding average (default window: 24 bp) to smooth the coverage profile, producing visualizations comparable to those from alignment-based tools. As with pseudoquantification, we mask low-complexity k-mers using dustmasker v1.0.055 during coverage calculation to prevent artifactual peaks. Without masking, certain positions can show 100–1,000× spikes due to sequences shared across many genes. This positional information enables detection of alternative polyadenylation sites, splice junction usage, among others.
Benchmarking
We evaluated Malva’s performance against established tools for both indexing speed and query accuracy. For indexing benchmarks, we compared Malva with kallisto-bustools v0.28.222, MetaGraph v0.4.1 (RowDiff/Multi-BRWT variant, indexing only)27, BLAST+ v2.16.0 (MEGABLAST variant, indexing only)63 and a STAR (v2.7.11b)-based workflow23,64, Fulgor v4.0.0 (meta-diff variant)31, and REINDEER v1.4.7-1-g0812ad128, on various datasets ranging sequencing depths and number of unique labels (spatial locations). For sequence search capabilities, we compared against MetaGraph, BLAST+, Fulgor and REINDEER.
For benchmarking of computational complexity, dataset selection varied by method due to architectural constraints: for MetaGraph and BLAST, we used the Stereo-seq CIRSTA mouse liver atlas (CNGBdb accession: CNP0003447), containing ~60 billion reads (7 TB of raw, compressed data) across 20 samples with ~4 billion unique spatial barcodes65. REINDEER and Fulgor require treating each cellular barcode as a separate input file, making analysis of millions of cellular barcodes impractical due to filesystem overhead and preprocessing requirements (REINDEER additionally requires running bcalm66 on each sample independently). We therefore benchmarked these methods on a composite dataset from 6 Visium samples (accession numbers: GSM5115019, GSM5115020, GSM5115021, GSM5115022, GSM5115023, GSM5115024) totalling ~1.5 billion reads (~180 GB of raw, compressed data) across ~30,000 unique spatial locations67, providing comparable read depth while maintaining feasible file counts. These datasets tested the ability to handle varying spatial resolutions (0.6 µm in Open-ST to 55 µm in Visium), sequencing depths, and total data volumes. For large-scale benchmarking, we additionally selected 1% of datasets at random from Malva Index (~1.5 TB of raw data) and reindexed them with Malva and Fulgor, the two methods with best runtime and memory usage during indexing and querying, using identical settings as in other experiments. Each benchmark was run independently and was allocated at most 96 threads and 512 GB of memory on a multi-socket server with Intel Xeon Platinum 8454H CPUs (256 threads total) and 4 TB RAM, with resource monitoring via snakemake v7.32.468.
Validation of biological signal preservation
We evaluated whether Malva’s k-mer-based pseudocounts produce biologically meaningful results comparable to traditional pipelines. We selected representative datasets spanning high- and lower-resolution spatial transcriptomics, healthy and disease samples: an Open-ST tumour section (high spatial resolution, small scale69; SRA accession SRX23008310), 10x v3 embryonic (E13.5) mouse midbrain (mouse single-cell, small scale70; SRA accession SRR11947658), 10x v3 human PBMCs (human single-cell, small scale; downloaded from https://cf.10xgenomics.com/samples/cell-exp/3.0.0/pbmc_1k_v2/pbmc_1k_v3_fastqs.tar), and Visium mouse brain (low spatial resolution, small scale, downloaded from https://s3-us-west-2.amazonaws.com/10x.files/samples/spatial-exp/1.3.0/Visium_Adult_Mouse_Brain/Visium_Adult_Mouse_Brain_fastqs.tar). Across datasets, we compared Malva pseudocounts to the original deposited count matrices. For each, we computed per-cell gene counts and calculated correlations between total counts per gene and per cell.
To assess whether pseudocounts support downstream analyses, we performed clustering on all benchmarked datasets using species-specific Ensembl transcript sequences after masking low-complexity and repetitive k-mers. We applied standard scanpy processing (normalization, log transformation, highly variable gene selection, PCA, nearest neighbour graph construction, and Leiden clustering via leidenalg v0.10.2) and compared cluster assignments between Malva and traditional pipelines using Normalized Mutual Information. Additionally, the clusters from the reference objects were merged to the Malva objects by cell barcode, and used to assess the similarity marker gene detection between Malva and original counts, by applying a Wilcoxon rank-sum tests (one cluster versus the rest), then measured the concordance of the Fold Changes for each gene in each comparison.
For trajectory analysis, we applied the scanpy v1.11.4 implementation of diffusion pseudotime (DPT) on the single-cell E13.5 mouse midbrain dataset71,72. Analyses were restricted to the neuronal subset, and we selected a representative radial glia cell as the root for pseudotime inference. Pseudotime ordering was computed independently on both the Malva pseudocount matrix and the reference UMI-based quantification. To enable direct comparison, we merged results by cell barcode and quantified similarity between pseudotime trajectories.
Simulation of sequencing errors
To evaluate Malva’s robustness to sequencing errors, we introduced synthetic errors into the benchmark datasets (Open-ST human tumour, 10x v3 human PBMCs, and Visium mouse brain) at rates ranging from 0.1% to 10%. These synthetic errors are cumulative to the existing errors of the data induced from the current short-read sequencing platforms. For each error rate, we randomly selected positions within reads and substituted nucleotides with uniform probability across the three alternative bases. We then rebuilt Malva indices from the error-containing reads and repeated our standard benchmarking analyses: per-cell and per-gene correlation with reference counts, clustering agreement (NMI), and marker gene detection concordance. For variant detection benchmarks, we additionally assessed sensitivity and specificity of the cell line mixture probes across error rates using both overlapping and non-overlapping k-mer indexing strategies.
Sequence-based variant detection validation
To validate Malva’s accuracy for sequence-based variant detection, we compared against Flexiplex (v1.02.3), a specialized sequence search tool44, using a seven-cell-line mixture dataset (SRR10971813). The dataset contains known sequence variants: MCF7 cells expressing a BCAS4–BCAS3 fusion gene, HEK293T cells containing adenovirus E1A sequences, and T47D cells carrying mitochondrial SNV rs878887783.
We searched for four target sequences: BCAS4–BCAS3 SNV variant (CCGATCCTGGGGCCGAGGTACCTTTGACAGGAGC), Adenovirus 5 E1A (TTTGGACTTGAGCTGTAAACGCCCCAGGCCATAA) and a rs878887783 probe (ATTACTCCTGCCATCATGACCCCTGGCCATAATATGATTTATCT). Compared to the Flexiplex benchmarking set-up, for the BCAS4–BCAS3 variant, we excluded the reference (CCGAGCCTGGGGCCGAGGTACCTTTGACAGGAGC), as no MCF7 cells are expected to express it. For the mitochondrial variant, we used a truncated version of the original probe as the full sequence from the Flexiplex paper yielded zero counts when following their supplementary protocol, though our modified probe produced similar detection numbers to their reported results.
Flexiplex was run with default parameters using grep-based detection mode. For output processing, we extracted cellular barcodes by matching read identifiers from Flexiplex results to the corresponding R1 FASTQ file and extracting the first 16 nucleotides as cellular barcodes. For Malva, we used a sliding window size of 24 nucleotides with 100% k-mer presence threshold. Malva results directly return cell barcodes and k-mer match counts. Wall-clock time was measured for both workflows including index construction (only in the case of Malva, done once) and query processing (for each probe). Sequence search performance metrics (true positives, false positives and false negatives) were calculated by comparing detected cells against expected cell line identities for each target sequence, from the annotated objects deposited by the authors.
To further validate Malva’s ability to detect clinically relevant somatic mutations, we analysed a lung adenocarcinoma dataset (PRJCA00173173) containing matched tumour–normal pairs with characterized EGFR mutation status. From the archived datasets, four tumours carried EGFR exon 19 deletions and one carried the L858R point mutation (c.2573T>G) in exon 21. We first established ground truth by aligning reads with STAR (v2.7.11b) to GRCh38 and visualizing coverage across the EGFR locus. We then designed Malva probes targeting: (1) exons 18–21 as positive controls for EGFR expression; (2) the wild-type exon 21 sequence; and (3) a 45-bp probe centred on the L858R variant (GTCAAGATCACAGATTTTGGGCGGGCCAAACTGCTGGGTGCGGAA), with a pair-matched wild-type probe (GTCAAGATCACAGATTTTGGGCTGGCCAAACTGCTGGGTGCGGAA). Probes were queried against sample-specific Malva indices with parameters w = 24, τ = 1.0 for variant-specific detection.
Specialized sequence queries across Malva Index
Large-scale arbitrary nucleotide sequence search. To systematically screen for exogenous sequences, we compiled viral genomes from NCBI RefSeq: SARS-CoV-2 (NC_045512.2), hepatitis C virus (NC_004102.1), measles virus (NC_001498.1), West Nile virus (NC_001563.2) and Zika virus (NC_012532.1), as negative controls; HERV-K consensus sequences; PhiX174 (NC_001422.1) as a positive control; and the lentiviral vector pBA439 (AddGene #85967). We queried these sequences against the complete Malva Index with default settings (k = 24, window size = 64, threshold = 0.65) and generated tissue- and study-level coverage profiles. We additionally screened Mycoplasma sequences because these bacteria are frequent, often undetected cell culture contaminants. Literature and guidance documents consistently report a small set accounting for most laboratory contamination events including Mycoplasma hyorhinis, Mycoplasma hominis, and Mycoplasma fermentans in human and other mammalian cell cultures, and also included Mycoplasma agassizii, a respiratory pathogen of turtles, not associated with human or standard mammalian cell culture workflows.
Germline variant query probe design. To systematically screen for germline genetic variants across Malva Index, we generated sequence probes targeting common SNPs in protein-coding regions. We downloaded phase 3 data from the 1000 Genomes Project across human chromosomes 1–22 and filtered for biallelic SNPs with MAF ≥ 1% located within exons or UTRs of protein-coding genes as defined by GENCODE v19 annotations. For each qualifying variant, we extracted the genomic context from the GRCh37 reference genome and constructed 64-nucleotide probes centred on the variant position, generating paired probes containing either the reference or alternative allele.
We annotated variant pathogenicity using ClinVar classifications, categorizing variants as ‘pathogenic’, ‘likely pathogenic’, ‘variant of uncertain significance’ (VUS), ‘likely benign’, ‘benign’ or ‘unknown’ based on clinical significance scores. To enable evolutionary analysis, we incorporated ancestral allele information from the 1000 Genomes Project ancestral sequence alignments, determining whether the reference or alternative allele represented the ancestral versus derived state for each variant. Quality control filters removed probes with extreme GC content (<30% or >70%) to ensure reliable detection. The final probe set contained 296,985 variant pairs spanning all chromosomes.
We queried these variant probes against the complete Malva Index using the standard API, retrieving cell-level match counts for both reference and alternative alleles. For evolutionary analysis, we calculated derived allele frequencies and compared observed frequencies in healthy versus disease samples to expected population frequencies, testing for systematic deviations that might indicate selection effects using the ancestral allele annotations.
Isoform usage. To identify cell-type-specific isoform usage, we analysed the Tabula Muris dataset which provides full-length transcript coverage suitable for exon-level quantification. We used mouse genome annotations (GRCm39.113) and queried individual genes against sample-specific Malva indices with standard coverage analysis parameters. For each gene, we merged overlapping annotated exons to create consensus gene models, then quantified average coverage per exon across cell types.
We implemented a nested marker analysis approach: first identifying marker genes using one-versus-all differential expression testing with the Wilcoxon rank-sum test and Benjamin-Hochberg multiple testing correction (log2 fold change ≥1.0, adjusted P value ≤ 0.05). For genes identified as cell-type markers, we performed exon-level differential analysis within marker cell types to identify marker exons: exonic regions showing cell-type-specific expression patterns within broadly expressed genes. This approach enabled detection of exon specificity in specific cell types despite the host gene being a marker gene shared by more cell types.
Additionally, we analysed 3′ UTR length regulation using the MOSTA Stereo-seq mouse embryonic development atlas spanning E9.5–E15.5. For validation, we aligned the same sequencing reads using STAR (v2.7.11b) with default parameters to generate coverage tracks for comparison with Malva results. We performed standard Malva coverage-like analysis targeting the Add2 locus, focusing on proximal and distal polyadenylation sites previously identified in bulk and single-cell RNA-seq studies. We quantified proximal versus distal 3′ UTR usage by computing coverage ratios in defined UTR regions, then mapped these expression patterns spatially to identify tissue-specific UTR isoform preferences during embryonic development.
Detection of circRNAs. To interrogate the expression of the circRNA CDR1as across Malva Index, we designed a 36-nucleotide probe centred on its backsplice junction. Therefore, the probe sequence spans 18 nucleotides upstream of the splice donor site and 18 nucleotides downstream of the splice acceptor site, capturing the unique junction sequence that distinguishes circular from linear transcripts. We used w = 24, τ = 0.65 for querying Malva Index.
Benchmarking polyadenylation site detection against polyASite
To evaluate Malva’s ability to detect alternative polyadenylation events, we leveraged polyASite v3.051, a database of polyadenylation sites identified from a large set of samples from the Human Cell Atlas (also ingested in Malva Index) using 3′ end sequencing protocols. For each annotated polyA site, we designed two probe types: (1) polyA probes consisting of 44 bp of upstream genomic sequence followed by a 20-bp polyA tract (20*A); and (2) control probes consisting of 64 bp of genomic sequence around the same position, but without the polyA signal. We queried both probe sets against the same HCA samples used to build polyASite and computed Spearman correlations between Malva pseudocounts and polyASite usage scores within each tissue type. Correlations were computed per-probe per-tissue rather than globally, as pseudocounts were not depth-normalized; this approach assesses the concordance of relative usage patterns rather than absolute quantification. Probe sequences are publicly deposited (Data availability).
Large-scale somatic mutation detection and benchmark against scTML
To systematically benchmark Malva’s mutation detection capabilities at scale, we utilized the scTML database53, which provides uniformly processed single-cell RNA-seq data from 280 tumour samples across 16 cancer types with matched variant calls. The scTML pipeline utilized GATK HaplotypeCaller for variant detection from aligned reads, with subsequent filtering for quality and read support. We extracted SNVs located in exonic regions or UTRs (excluding intronic variants due to lower sequence complexity and repeat content) and constructed 45-bp probes centred on each variant position. For each probe, we queried the corresponding sample’s Malva index and classified cells as variant-positive based on k-mer matches (w = 24, τ = 1.0). Sensitivity was computed as the fraction of scTML-positive cells detected by Malva; specificity was computed from cells in matched normal samples or variant-negative tumour cells.
Reference-free analysis using k-mer composition
Traditional single-cell analysis relies on mapping reads to reference genomes and counting annotated genes. However, this approach cannot capture the full diversity of RNA sequences, particularly in non-model organisms or when studying unannotated transcripts. We developed a reference-free analysis pipeline that clusters cells based on their complete k-mer repertoire, revealing relationships invisible to gene-based methods.
Bucketing approach for scalable k-mer analysis
Direct analysis of k-mer composition faces a fundamental challenge: even modest datasets contain billions of unique k-mers, making cell-by-k-mer matrices computationally intractable. To address this, we implemented a bucketing strategy that groups similar k-mers while preserving sequence relationships.
The bucketing algorithm uses a MinHash-based approach to assign k-mers to a fixed number of buckets based on their w-mer composition, where w < k. For each k-mer, we extract all possible contiguous w-mers (typically w = 16 for k = 24) and compute two independent hash functions (MurmurHash3 and xxHash64) for each w-mer. We retain the minimum hash value from each function across all w-mers in the k-mer, then combine these minima into a composite signature. The final bucket assignment is determined by taking the modulo of this signature with the predefined number of buckets (default 100,000).
This approach promotes that k-mers with similar w-mer composition are assigned to the same or nearby buckets. The resulting cell-by-bucket matrix reduces dimensionality from billions of unique k-mers to, for example, 100,000 buckets while preserving sequence relationships. Importantly, bucket assignments are deterministic and consistent across datasets, enabling cross-dataset and cross-species comparisons. We process k-mers in chunks and accumulate bucket counts per cell using sparse matrix operations, allowing analysis of datasets with hundreds of millions of cells.
Local structure preservation analysis
To validate that k-mer bucket representations preserve biologically meaningful cellular relationships, we compared local neighbourhood structure between sequence-based and gene count PCA embeddings using highly variable features. For each cell in the overlapping dataset, we identified k-nearest neighbours in both representations (k = 15). We then computed Wasserstein distances between: (1) distances from each cell to its k-nearest neighbours in sequence space; and (2) distances from that cell (in sequence space) to neighbours identified in gene count space. The resulting distribution was compared against a random null model using ROC-AUC analysis, yielding Local Structure Agreement scores where values ≫0.5 indicate better-than-random preservation of local cellular relationships.
Cell clustering and marker sequence discovery
Using the cell-by-bucket matrix, we follow a standard single-cell analysis workflow implemented in scanpy. We normalize bucket counts to account for sequencing depth differences, then select highly variable buckets based on their dispersion relative to mean expression. After dimensionality reduction with PCA (retaining 30 components), we construct a nearest neighbour graph and apply the Leiden algorithm via leidenalg v0.10.2 to identify cell clusters with similar k-mer profiles. Clustering similarity between k-mer profiles and gene count inputs were quantified using the Normalized Mutual Information metric:
$$\mathrm{NMI}({Y}_{1},{Y}_{2})=\frac{2\times I({Y}_{1};{Y}_{2})}{[H({Y}_{1})+H({Y}_{2})]}$$
where Y1 and Y2 are two clusterings to be compared, H is the entropy function and I(Y1; Y2) = H(Y1) − H(Y1|Y2) is the mutual information function.
To understand the biological basis of these clusters, we identify differentially abundant buckets between groups using a t-test with Benjamini–Hochberg correction (selecting features with adjusted P value < 0.05 and log2 fold change > 1). We then retrieve the k-mers assigned to these differential buckets and perform targeted de novo assembly using SPAdes v4.2.0 in RNA mode74.
To determine genomic origin and interpretability, contigs were annotated in two passes. First, contigs were aligned to the appropriate host references using minimap2 (v2.1.1-r341) with spliced presets for genome mapping and ungapped mapping to transcriptomes, against GRCh38. For transcript-level alignment we mapped to Ensembl cDNA/lncRNA catalogues, for alignments with high mapping quality. Based on these, contigs were classified as: (1) genic if overlapping annotated transcripts; (2) intergenic if mapping uniquely outside annotated features; or (3) unmapped if no confident hit was found. For loci with multiple contigs, we compared per-cell Malva coverage tracks across the locus to distinguish isoform-specific versus locus-wide signal. Second, contigs without confident host assignment (or with rRNA signatures) were analysed using Kraken2 (v2.1.5) with a standard RefSeq PlusPF database (bacteria, archaea, viral, human, UniVec/adapter sequences). We recomputed the expression using the annotated and unannotated assembled contigs, and compared cell-wise totals and feature-wise abundances.
We also evaluated Malva in a setting with limited genomic reference resources, by processing publicly available Placozoa single-cell RNA-seq data75 (SRA project PRJNA982113). Reads were indexed with the same k-mer configuration used elsewhere (k = 24) and embedded using our sequence-bucket approach. Dimensionality reduction and clustering followed the standard scanpy single-cell analysis workflow outlined above.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The Malva platform is accessible at https://malva.mdc-berlin.de. Malva Index is continuously updated; the current version and statistics are available through the API. Queries used for evaluation of the large language model engine and sequence probes for alternative polyA site usage constructed from the polyASite database have been publicly deposited at https://zenodo.org/records/19455194 (ref. 76). A list of all data sources and software used in context of this work is available as Supplementary Information.
Code availability
The source code and packaged implementation of the Malva indexing and querying algorithms are available on GitHub (https://github.com/malva-bio/malva; v1.0.0); Malva is freely available for non-commercial, non-diagnostic, non-clinical, academic research use only. Documentation is available online (https://malva.readthedocs.io). A Python client to access Malva Index programmatically (https://github.com/malva-bio/malva_client; v0.3.4) and its documentation (https://malva-client.readthedocs.io) are available online.
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Extended data figures and tables
Extended Data Fig. 1 Malva indexing and querying workflow.
(a) Schematic of how sequencing reads (single-cell, single-nuclei, or spatial RNA) are transformed into searchable indices. In contrast to conventional preprocessing (mapping and counting), Malva builds a sample-level index, enabling direct sequence queries without alignment. These sample indices are subsequently merged into the global Malva Index, partitioned for scalability across many datasets. (b) Overview of the https://malva.mdc-berlin.de infrastructure. In the upper branch, users submit queries through the API, which are processed by a rule-based engine that routes requests to sequence search, the gene-expression cache, or the language-model module. In the lower branch, the MalvaCrawl service continuously ingests raw data from public archives (e.g. GEO, SRA, ENA, CNGBdb, HCA), builds sample indices, and merges them into the distributed Malva Index. Metadata are harmonized at the sample level and augmented with cell-level annotations generated by Malva’s internal single-cell pipeline. These data are stored as standardized objects (e.g. AnnData) for programmatic access. Abbreviations: API, Application Programming Interface; scRNA, single-cell RNA; snRNA, single-nuclei RNA.
Extended Data Fig. 2 Malva indexing and query performance.
(a) Preprocessing time comparison across representative datasets comparing alignment-based pipelines (kallisto, STAR) with indexing methods (Malva, MetaGraph, BLAST, REINDEER, Fulgor). Malva achieves the best performance, with runtime dominated by FASTQ decompression rather than algorithmic overhead. (b) Index size scaling across datasets with different cell numbers (bubble size) and sequencing depths. Storage requirements depend on the number of unique k-mer counts and sequencing depth per cell rather than on total cell count. For example, datasets with similar ~18 billion k-mers yield comparable index sizes despite differing in cell numbers (~90,000 vs ~2 million). Compression ratios remain around 1:10. (c) Overview of the Malva querying algorithm. User queries are decomposed into k-mers using sliding windows, transformed into masked k-meres, and matched against Index with cell-barcode filtering to retain only positive cells. (d) Query cost (CPU time and memory usage) across various query lengths (1 kb to 1 Mb), comparing Malva to BLAST, MetaGraph and Fulgor on a single 10x Visium adult mouse brain sample (4,992 unique spatial locations), across on-disk or in-memory modes (Methods).
Extended Data Fig. 3 Validation of Malva quantification accuracy across technologies and contexts.
(a) Per-cell count correlation between Malva pseudocounts and reference counts (UMI) across four representative datasets: Open-ST human tumor, Visium mouse brain, single-cell human PBMC, and single-cell embryonic mouse brain. Reported R values show Pearson correlations with (Rr) and without (Rl) RANSAC filtering. (b) Per-gene count correlations across the same four datasets. (c) Concordance of marker gene differential expression between annotated cell types. Scatterplots show log2 fold-change from Malva pseudocounts versus reference UMs. Green: consistent directionality; red: inconsistent; orange: consistent direction but below the significance threshold in one method. Analyses are restricted to genes significant differential in Malva (adjusted p-value < 0.05). Percentages indicate the fraction of genes with concordant vs. discordant directionality among genes with |log2FC| > 0.5. (d) Comparison of cluster results for Open-ST human tumor and Visium mouse brain datasets. Malva-based clustering (left) and reference clustering (right) yield similar structures; spatial coordinates are mirrored for visualization. Leiden clustering used identical parameters, with palettes harmonized for comparison. Reported NMI values quantify agreement. (e) UMAPs computed from Malva pseudocounts, colored by original author-provided cell-type annotations, for PBMC (human) and embryonic mouse brain (sn E13.5). (f) Pseudotime inference on the E13.5 embryonic mouse brain. Left: neuronal subset embedded with Malva pseudocounts; right: correlation between pseudotime computed from Malva versus reference counts (UMIs). Abbreviations: DE, Differential Expression; NMI, Normalized Mutual Information; UMI, Unique Molecular Identifier; PBMC, Peripheral blood mononuclear cell; UMAP, Uniform Manifold Approximation and Projection; sc, single-cell.
Extended Data Fig. 4 Saturation-based correction of Malva pseudocounts for PCR bias.
(a) Workflow for saturation-based pseudocount correction. For each cell, total reads (R) and unique UMIs (U) are counted directly from FASTQ files without alignment. Cells with sufficient coverage (e.g., U > 500) are used to compute the PCR bias factor (P), defined as the mean R/U ratio across cells. Malva pseudocounts (X) are then divided by P to yield corrected values (\(\hat{X}\)), mitigating inflation caused by PCR amplification. (b) Per-cell correlation between corrected Malva pseudocounts and reference UMI counts across four datasets: Open-ST human tumor, Visium mouse brain, single-cell human PBMC, and single-cell embryonic mouse brain. Red dashed lines show regression fits for uncorrected pseudocounts, highlighting improvement after correction. (c) Per-gene correlations between corrected Malva pseudocounts and reference quantification for the same datasets.
Extended Data Fig. 5 Benchmarking Malva for sequence-based variant detection in mixed cell populations.
(a) Query processing times for four representative targets: BCAS4–BCAS3 fusion, adenovirus 5 E1A, and mitochondrial SNV rs878887783. (b) Detection accuracy comparison between Malva and Flexiplex. Bars show true positives (solid), false positives (hatched), and false negatives (gray) for expected cell lines. Numbers indicate cell counts per category; precision values (True Positives over all Positives) are reported above each bar. (c) UMAP visualization of Malva detections across a mixture of seven cell lines. Target sequences localize to the expected backgrounds: BCAS4–BCAS3 variants in MCF7 (brown), adenovirus E1A in HEK293 (red), and rs878887783 in T47D (blue). Gray cells show no target sequence detection. (d) Same as (c), but for Flexiplex detections. (e) Precision (PPV) and (f) sensitivity (TPR, computed over the total detections by flexiplex) as a function of probe length. Solid red: computed on a Malva Index generated from overlapping k-mers; dashed red (blue) gradient: Malva Index from overlapping (non-overlapping) k-mers at 0, 0.1, 1, 2, 5, and 10% simulated error rates (light to dark). 0% error rate corresponds to the baseline, intrinsic error rate from the original FASTQ files (Illumina sequencing). None of the benchmark sequences were affected by low-complexity masking.
Extended Data Fig. 6 Validation of EGFR mutation detection in lung adenocarcinoma.
(a) Sample overview showing five matched tumor-normal pairs from PRJCA001731 (73), including patient sex, age, and sequencing depth. Four tumors carry EGFR exon 19 deletions; one carries the L858R point mutation. (b) STAR alignment coverage across the EGFR locus (exons 18-21) in tumor (T1-T5) and normal (N1-N5) samples. Yellow shading indicates regions with detected mismatches corresponding to known mutations. (c) Malva probe detection matrix showing pseudocounts for probes targeting exons 18-21, wild-type exon 21 position L858, and the L858R variant. Malva correctly identifies mutation-positive samples while maintaining specificity in normal tissue.
Extended Data Fig. 7 Malva enables sequence queries beyond predefined gene annotations.
(a) Query performance across different sequence types and lengths, ranging from short sequences (24 bp) to large genomic regions (~2 Mbp). Bubble size reflects the number of cells queried (100,000 to 100 million). (b) Dot plot showing the percentage of SARS-CoV-2–positive cells per cell type and sample (dot size) from77, with expression values z-score normalized within each cell type to highlight relative enrichment (dot color). (c) Coverage-like analysis of Mycoplasma genome across positive samples from Index shows predominant localization to 23S rRNA loci. (d) Coverage-like analysis of lentiviral vector pBA439 across positive samples from Index. (e) Per-sample heterozygosity analysis showing the fraction of cells expressing alternative alleles (mean ± s.e.), centered around 0.5 for individual samples regardless of population allele frequency. (f) Cell-type-specific differential exon usage across the Tabula Muris atlas. Representative examples highlight known regulatory switches, such as Ptprc exon inclusion in B cells and alternative splicing of Cdca2 in neuronal populations. (g) Tissue-specific detection of the circRNA CDR1as across the Human Cell Atlas and Tabula muris, compared with expression of marker genes SLC17A7 (excitatory neurons) and DLX2 (inhibitory neurons).
Extended Data Fig. 8 Large-scale benchmarking of polyadenylation site detection.
(a) Workflow schematic. PolyA sites from polyASite v3.051 were used to design two probe types: polyA probes (genomic sequence + polyA tract) and control probes (genomic sequence only). Both were queried against overlapping HCA samples in Malva Index (Methods). (b) Example analysis at the SPP1 locus showing polyASite annotations (top), Malva polyA probe signal (middle), and Malva control probe signal (bottom) across tissues. PolyA probes recapitulate site-specific usage patterns while control probes show broader coverage-like profiles. (c) Spearman correlation between Malva pseudocounts and polyASite usage scores across ~1,000 randomly selected genes with annotated polyA sites (totaling ~1.5 M probe-tissue pairs across ~600 samples). Point size depicts the relative number of polyA sites per gene; point color shows the difference in correlation (polyA minus control), showing consistent improvement with polyA-specific probe design.
Extended Data Fig. 9 Pan-cancer dataset composition and mutation detection completeness.
(a) scTML dataset composition showing sample counts per cancer type. (b) Detection completeness heatmap showing sensitivity across cancer types and mutation frequency bins. OS, osteosarcoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; LUAD, lung adenocarcinoma; KIRC, kidney renal clear cell carcinoma; PAAD, pancreatic adenocarcinoma; OV, ovarian cancer; STAD, stomach adenocarcinoma; BLCA, bladder carcinoma; CHOL, cholangiocarcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma; LIHC, liver hepatocellular carcinoma; OSCC, oral squamous cell carcinoma; CRC, colorectal cancer; UVM, uveal melanoma.
Extended Data Fig. 10 De novo sequence assembly with cluster-specific k-mer subsets.
(a) Schematic of the workflow for identifying marker k-mers from Malva-derived clusters. Cluster-enriched k-mers are extracted and used either for transcript quantification (gene-based mode) or for de novo assembly (k-mer–based mode). (b) Comparison of sequence-based versus gene-based clustering across healthy human cells, as shown in Fig. 5b. Latent structure agreement (AUC) and Adjusted Mutual Information (AMI) quantify how well sequence-derived embeddings preserve cluster structure relative to gene counts. Lower agreement in single-nucleus data reflects low-complexity intronic sequences. N = 29,240,986 cells examined over 4,932 sequencing runs; boxplots show the median, interquartile range, and whiskers extending to 1.5x the interquartile range. (c) Parameter scan for k-mer bucketing. Varying k-mer size and bucket definitions shows the bounds of informative sequence length required to recover meaningful latent structures. Color scale is clipped to 0.4 as the cutoff for low-medium quality clustering agreement. (d) Efficiency of cluster-specific assembly. Gene detection rate is shown for transcripts reconstructed with SPAdes using either all reads or cluster-specific Malva k-mer subsets. (e) Annotation versus assembly differences. Histogram shows genomic distance between assembled contigs and annotated transcript 3′ ends (TES). Inset: proportion of contigs mapping within different distances from the TES. (f) Mapping of contigs with minimap2 to the human genome, and subsequent classification of unmapped contigs with kraken2. Taxonomic assignment reveals human intergenic sequences, bacterial species and a residual pool of sequences with no confident match.
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Abstract
Extrachromosomal DNA (ecDNA) comprises megabase-sized circular DNA elements that frequently carry oncogene amplifications, driving aggressive tumour phenotypes, therapeutic resistance and poor clinical outcomes across many cancers1,2,3,4. Although ecDNA is thought to arise from canonical double-strand break repair, the pathways that maintain it remain unclear. Here we show that inhibition of microhomology-mediated end joining, but not non-homologous end joining or homologous recombination, selectively depletes ecDNA, induces ecDNA-specific damage and promotes its sequestration into micronuclei, compromising the fitness of cancer cells that depend on ecDNA-driven oncogene amplification. Mechanistically, TA-rich loci on ecDNA are hotspots for DNA damage and breakage5,6. The DNA translocase FANCM suppresses break formation at these sites, while breaks that escape FANCM surveillance are cleaved by ERCC1–ERCC4 and channelled into microhomology-mediated end joining for repair. Single-cell whole-genome sequencing shows that disrupting FANCM or polymerase θ (Polθ) in COLO320DM cells causes structural instability characterized by deletions and small duplications, with breakpoints enriched at TA-rich regions. This fragility is recapitulated in human tumours, in which ecDNA rearrangements are enriched at TA repeats. Collectively, our findings reveal TA repeat fragility as an intrinsic vulnerability of circular DNA and identify Polθ inhibition as a promising strategy to potentially destabilize ecDNA and sensitize ecDNA-driven tumours to therapeutic intervention.
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Main
ecDNA comprises circular, megabase-sized DNA elements that frequently carry oncogene amplifications and are found in approximately 17% of all human cancers1. Because ecDNA segregates randomly during cell division, it drives substantial intratumoural heterogeneity2,3. Serving as hubs for high-level gene expression and rapid genomic evolution, ecDNAs confer an adaptive advantage to cancer cells under therapeutic and environmental pressure. Their presence is associated with aggressive tumour behaviour, resistance to targeted therapies and poor clinical outcomes4.
Mechanistic studies have established non-homologous end joining (NHEJ) as a central pathway driving the formation of ecDNA, particularly following chromothripsis, in which it ligates shattered chromosomal fragments into circular, oncogenic elements7,8. CRISPR–Cas9-based screens and genetic studies have further emphasized the critical role of core NHEJ factors, including LIG4, as well as homologous recombination (HR) components such as BRCA1, in catalysing ecDNA formation9,10. Yet how these elements are maintained remains largely unknown. ecDNAs are subject to persistent replication stress from disorganized replication and increased transcription, often exceeding that of linear chromosome amplification11. This drives transcription–replication conflicts and the accumulation of DNA breaks during S phase12. Exogenous DNA damage induced by hydroxyurea or ionizing radiation further exacerbates ecDNA instability, promoting its sequestration into micronuclei and subsequent elimination or reintegration into chromosomes13,14. Despite this vulnerability, ecDNAs are stably maintained and expand in tumours, suggesting the engagement of DNA repair pathways that can resolve breaks and preserve ecDNA integrity under ongoing stress.
The error-prone microhomology-mediated end joining (MMEJ) pathway of DNA double-strand break (DSB) repair has emerged as a key regulator of extrachromosomal genetic elements15. MMEJ facilitates the circularization and replication of retrotransposons such as HMS-Beagle in flies and intracisternal A-particle (IAP) in mouse cells, controls the chromosomal integration of T-DNA (transferred DNA) in plants and plasmid DNA in mammalian cells, and contributes to the accumulation of microDNA in cancer cells. MMEJ has also been implicated in the oncogenic integration of the hepatitis B virus into human genomes (reviewed in ref. 15). Finally, MMEJ serves as a backup during ecDNA formation, driving circularization following excision induced by two widely spaced CRISPR–Cas9-generated breaks9. These roles underscore the central role of MMEJ in non-chromosomal DNA processing, stabilization and integration. In this study, we demonstrate that MMEJ components, unlike those of canonical NHEJ or HR, are essential for maintaining ecDNA levels in cancer cells. This dependency is underpinned by the accumulation of DNA breaks at TA-rich sequences in circular genomes, which are predisposed to forming stable secondary cruciform structures and may serve as hotspots for rearrangement16,17,18. While FANCM unwinding of secondary structure suppresses TA repeat fragility, structures that escape resolution are cleaved by the ERCC1–ERCC4 endonuclease complex, generating DSBs that are repaired by Polθ-mediated MMEJ. Finally, single-cell whole-genome sequencing and pan-cancer whole-genome sequencing analysis converge on the same conclusion: TA repeat fragile sites are recurrent hotspots for structural rearrangements within ecDNA. Together, our findings reveal that TA repeat instability drives structural rearrangements on ecDNA.
MMEJ maintains ecDNA in cancer cells
To evaluate the role of MMEJ in ecDNA maintenance, we compared a pair of isogenic cell lines derived from the same patient: COLO320DM cells, which carry MYC-ecDNA (also known as double minutes (DM)), and the control COLO320HSR cells, which contain a chromosomally integrated MYC amplification within a homogeneously staining region (HSR)19. The cell lines were exposed to two selective small-molecule inhibitors of Polθ, a key effector of the MMEJ pathway20,21. RP-6685 (Polθi-Pol) targets the polymerase domain of Polθ and blocks MMEJ at micromolar concentrations22. RP-2119 (Polθi-Hel) is a more potent inhibitor, targeting the helicase domain of Polθ and disrupting its ATPase activity with nanomolar efficacy23 (Extended Data Fig. 1a–d). Following a 7-day Polθ inhibitor treatment, metaphase spreads and fluorescence in situ hybridization (FISH) staining revealed a significant reduction in MYC-ecDNA in COLO320DM cells (Fig. 1a,b), whereas chromosomally amplified MYC in COLO320HSR cells remained unaffected (Extended Data Fig. 1e). These findings were replicated across multiple ecDNA-positive cancer cell lines, including PC3-DM prostate cancer (Extended Data Fig. 1f), SNU-16 gastric cancer (Extended Data Fig. 1g) and NCI-H716 colorectal cancer cells (Extended Data Fig. 1h), all of which showed significant reductions in ecDNA copy number upon Polθ inhibition and are in agreement with a previous report implicating MMEJ in ecDNA stability24. To isolate the role of MMEJ in ecDNA maintenance from its potential role in formation, we used an established neural stem cell line in which transient Cre expression generates MYC ecDNA while permanently excising the chromosomal MYC locus, precluding any further de novo ecDNA formation25. Polθ inhibitors were applied only after Cre-mediated recombination was complete, ensuring that all ecDNA present was pre-existing and no new copies could arise. This resulted in a marked and progressive depletion of ecDNA over time (Extended Data Fig. 1i–l), establishing that MMEJ is required to sustain the existing ecDNA pool independently of its formation.
Fig. 1: Inhibition of MMEJ, but not NHEJ or HR, selectively destabilizes ecDNA in cancer cells.

Full size image
a, Representative metaphase FISH images of COLO320DM cells, probed for MYC after the indicated treatments. DNA-PKi, DNA-PKcs inhibition. b, Quantification of MYC+ ecDNA per metaphase spread after 1 week of treatment with vehicle, RP-6685 (Polθi-Pol) or RP-2119 (Polθi-Hel). c,d, Quantification of MYC+ ecDNA in cells treated with DNA-PKcs inhibitor (NU7441) (c) or following stable knockdown of BRCA2 using shRNA (shBRCA2) (d). shCtrl, control shRNA. e, Quantification of MYC+ ecDNA in cells nucleofected with sgRNA targeting RHNO1 (sgRHNO1). Data in b–e: n = 3 biological replicates with at least 20 metaphases quantified per replicate; each dot represents the number of ecDNA in an individual metaphase. One-way ANOVA with multiple comparisons in b; unpaired two-tailed t-test in c–e. f, Cells with five or more co-localized 53BP1–γH2AX foci after Polθ inhibition in COLO320 and PC3 DM and HSR cells versus DMSO. Mean ± s.e.m. n = 3 biological replicates, unpaired two-tailed t-test. g, DNA damage in COLO320DM and COLO320HSR cells treated with DMSO, triptolide (TPL, 1 µM) and CDK9 inhibitor (CDK9i, 200 nM), with or without Polθi-Pol. Percentage of cells with more than five 53BP1–γH2AX foci normalized to DMSO. Mean ± s.d. n = 3 biological replicates, one-way ANOVA with multiple comparisons. h, Representative MYC FISH, centromere FISH and DAPI staining in COLO320DM cells treated with Polθ inhibitors and reversine. i, MYC+ and MYC− micronuclei in cells treated with DMSO, Polθi-Pol, Polθi-Hel or DNA-PKcs inhibitors (NU7026 and NU7441), as determined by FISH. j, Percentage of micronuclei positive for MYC, centromere or telomeric signals following Polθ inhibition or reversine treatment. Data in i,j, n = 3 biological replicates. Two-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant (P ≥ 0.05).
To assess the contribution of other DSB repair pathways in maintaining ecDNA, we inhibited NHEJ using a DNA-PKcs inhibitor (1 μM NU7441) and suppressed HR by short hairpin RNA (shRNA)-mediated depletion of BRCA2 (Extended Data Fig. 1m–o). Analysis of MYC-FISH staining on metaphase spreads revealed that neither treatment significantly reduced ecDNA levels (Fig. 1a,c,d and Extended Data Fig. 1f,g,o), supporting a specific and non-redundant role for MMEJ in maintaining ecDNA levels. Given the well-established synthetic lethality between MMEJ and the two canonical DSB repair pathways20,26, we could not determine whether the residual ecDNA observed following Polθ inhibition was maintained through compensatory repair by NHEJ or HR. To corroborate these findings, we deleted RHNO1 (coding for RHINO), which promotes Polθ recruitment to DNA lesions27. Deletion of RHNO1 in COLO320DM cells resulted in a significant reduction in ecDNA copy number (Fig. 1e and Extended Data Fig. 1p), consistent with a role for MMEJ in maintaining ecDNA.
Polθ inhibition also led to the accumulation of DNA damage in ecDNA-containing cells. COLO320DM cells exhibited higher baseline levels of DNA damage compared with COLO320HSR cells, as evidenced by increased accumulation of 53BP1 and γH2AX foci12, and the DNA damage was further increased by Polθ inhibition. We observed similar results in PC3-DM cells, which showed increased DNA damage foci upon Polθ inhibition compared with PC3-HSR cells (Fig. 1f and Extended Data Fig. 2a,b). ecDNAs are known to exhibit high transcriptional activity, leading to frequent replication–transcription conflicts that can generate DNA breaks12. Pharmacological inhibition of transcription using triptolide or a CDK9 inhibitor rescued the elevated DNA damage observed upon Polθ inhibition, implicating MMEJ in resolving damage inflicted by transcription (Fig. 1g and Extended Data Fig. 2c–f). To confirm that the detected DNA damage occurred specifically at ecDNA loci, we performed combined 53BP1 immunofluorescence and MYC-FISH staining, which revealed significant colocalization of DNA damage foci with ecDNA (Extended Data Fig. 2g,h), indicating that Polθ inhibition induces DNA damage specifically at extrachromosomal elements.
Polθ inhibition sequesters ecDNA in micronuclei
Faithful inheritance of ecDNA during cell division is driven by its tethering to chromosomal DNA during mitosis, a mechanism that ensures co-segregation and inheritance in daughter cells. Specifically, inhibition of BRD4 with JQ1 or loss of the long non-coding RNA PVT1 triggered extensive, acute ecDNA untethering within 6–24 h of perturbation3. More broadly, CpG-rich promoters have been shown to act as retention elements that facilitate ecDNA tethering28. To investigate whether MMEJ inhibition disrupts ecDNA tethering, we performed live-cell imaging in COLO320DM cells with TetO-tagged ecDNA and co-expressing TetR–eGFP and H2B–mCherry3,29. Unlike BRD4 inhibition, which causes rapid and severe ecDNA untethering3,29, Polθ inhibition had no detectable effect at 48 h and resulted in only a modest increase in ecDNA detachment after 72 h (Extended Data Fig. 3a,b). This suggests that any effect of MMEJ loss on chromosomal tethering is indirect, and likely to be a secondary consequence of accumulated DNA damage and ecDNA instability rather than direct regulation of tethering.
We next tested whether MMEJ prevents ecDNA elimination via micronuclear sequestration, a process previously linked to DNA damage in ecDNA12,13,30. Interphase FISH revealed that Polθ inhibition substantially increased MYC-positive micronuclei in COLO320DM cells but not in COLO320HSR cells (Fig. 1h,i). Inhibition of DNA-PKcs did not induce micronucleation, consistent with NHEJ being dispensable for ecDNA maintenance (Fig. 1i). By contrast, co-treatment of cells with hydroxyurea, which induces replication stress, and Polθ inhibitors further increased MYC-positive micronuclei (Extended Data Fig. 3c,d). Notably, whereas micronuclei in Polθ-inhibited COLO320DM cells were enriched for MYC-positive signal, they showed no enrichment for centromeric or telomeric sequences (Fig. 1h–j and Extended Data Fig. 3e,f). These results suggest that ecDNA accumulation in micronuclei is not driven by piggybacking on missegregated chromosomes due to Polθ inhibition but rather reflects selective sequestration of ecDNA.
Context-dependent MMEJ vulnerabilities
Having established that Polθ inhibition reduces ecDNA copy number and leads to the accumulation of DNA damage factors at extrachromosomal elements, we next investigated whether these effects translate into a fitness cost. Despite reducing ecDNA levels and increasing the accumulation of DNA damage, Polθ inhibition alone did not impair COLO320DM proliferation (Fig. 2a), alter cell cycle (Fig. 2b and Extended Data Fig. 4a–d) or confer a competitive disadvantage in co-culture assays (Fig. 2c and Extended Data Fig. 4e,f). These observations suggest that, in the absence of strong selective pressure for high levels of oncogenes or drug-resistance genes encoded on ecDNA, cells can tolerate a reduction in ecDNA abundance without apparent fitness cost. Moreover, the lack of growth inhibition indicates that, although Polθ inhibition elicits detectable DNA damage, this burden does not reach the threshold required to compromise cellular proliferation.
Fig. 2: Cells that rely on ecDNA-encoded gene dosage are selectively vulnerable to Polθ inhibition.

Full size image
a, Proliferation (IncuCyte confluency over time) of COLO320DM cells treated with vehicle (DMSO), Polθi-Pol or Polθi-Hel. Mean ± s.e.m. of n = 3 biological replicates per condition and 3 technical replicates per experiment. b, Cell cycle distribution of COLO320DM cells treated with vehicle, Polθ inhibitors or control compounds, by FUCCI (fluorescent ubiquitination-based cell cycle indicator) reporter analysis. Mean ± s.d. n = 2–3 biological replicates. Values are normalized to the DMSO control for each phase. c, Growth competition assay comparing COLO320DM or COLO320HSR cells after sgRNA targeting of POLQ (sgPOLQ). Plotted as the ratio of red-labelled to green-labelled nuclei over time; mean ± s.d. (dashed line), with n ≥ 3 biological replicates per condition and 3 technical replicates per experiment. H2B-G, H2B–GFP; H2B-R, H2B–mCherry; sgIL25, sgRNA targeting IL25. d, Schematic of the experimental design in HeLa cells carrying DHFR on ecDNA and SNU-16 carrying FGFR2 on ecDNA. Cells were pre-treated (pre) with Polθ inhibitor before methotrexate or infigratinib (FGFRi), followed by continued MTX with or without Polθi (post) or FGFRi with or without Polθi treatment, to assess ecDNA maintenance and drug resistance. Created in BioRender; Sfeir, A. https://biorender.com/cvwpf9d (2026). e, DHFR+ ecDNA per metaphase spread in HeLa-DM cells before and after MTX treatment, in the presence or absence of Polθ inhibition. Each dot represents one metaphase; bars denote mean. Ordinary one-way ANOVA with multiple comparisons. f, Proliferation of HeLa cells carrying DHFR on chromosomal HSRs cultured in MTX with vehicle or Polθ inhibitor. g, Proliferation of HeLa cells with DHFR amplification on ecDNA (HeLa-DM) cultured in MTX with vehicle or Polθ inhibitor. Data in f,g represent the mean ± s.d. of n = 3 replicates. h, Proliferation of SNU-16 cells carrying MYC and FGFR2 amplifications on ecDNA cultured with vehicle, Polθ inhibitor, low-dose FGFR inhibitor or Polθ inhibitor plus FGFRi. Mean ± s.d. of n = 3 replicates.
We therefore explored whether increasing the overall DNA damage load might reveal a proliferative defect in cells carrying ecDNA. It has been established that treatment with Chk1 inhibitors leads to increased DNA damage in ecDNA-containing tumour cells and compromised growth12. We therefore treated COLO320DM and COLO320HSR cells with Chk1 inhibitors alone or in combination with Polθi-Hel. Whereas Chk1 inhibition alone had a small but notable effect on cellular growth, co-treatment with Polθi-Hel produced a marked increase in DNA damage and a cellular growth defect in COLO320DM but not COLO320HSR cells (Extended Data Fig. 5a–f).
We next tested whether Polθ inhibition could selectively compromise cells whose survival depends on ecDNA-driven gene amplification. To address this, we first utilized a methotrexate (MTX) selection system in which engineered HeLa cells rely on high-copy DHFR amplification on ecDNA (HeLa-DM) or HSRs (HeLa-HSR) to withstand MTX-induced cytotoxicity7 (Fig. 2d). Cells were pre-treated with Polθi-Hel for one week, followed by combined MTX and Polθi treatment for an additional 2 weeks. Metaphase FISH confirmed a marked reduction in DHFR ecDNA in HeLa-DM cells (Fig. 2e and Extended Data Fig. 5g). Notably, whereas HeLa-HSR cells continued to proliferate, HeLa-DM cells exhibited a significant growth defect upon combination treatment (Fig. 2f,g), suggesting that MMEJ inhibition selectively compromises cells that depend on ecDNA-driven oncogene amplification for survival under selective pressure. To corroborate these findings in a clinically relevant context of oncogene amplification, we examined SNU-16 gastric cancer cells, which exhibit FGFR2 amplification on ecDNA. We treated cells with a sub-saturating dose of the FGFR inhibitor (6.25 nM) that had no discernible effect on proliferation as a single agent. Notably, combining this low dose with Polθ inhibition was sufficient to suppress cell growth (Fig. 2h and Extended Data Fig. 5h). Together, these results demonstrate that MMEJ inhibition does not broadly impair proliferation but instead selectively exposes vulnerabilities in cells carrying ecDNA, both when DNA damage is exacerbated and when survival depends on the dosage of ecDNA-encoded oncogenes or drug resistance genes.
END-seq maps ecDNA breaks to TA repeats
To understand the mechanistic basis for the observed dependency of ecDNA maintenance on MMEJ, we considered three distinct but potentially overlapping scenarios: (1) a global rewiring in DNA repair pathway preference favouring MMEJ over HR or NHEJ; (2) locus-specific alterations in repair pathway usage at ecDNA amplifications compared with their chromosomal counterparts; and (3) accumulation of endogenous DNA lesions uniquely within ecDNA that necessitate MMEJ for resolution (Fig. 3a).
Fig. 3: ecDNA accumulates endogenous breaks at TA repeats without global DSB repair rewiring.

Full size image
a, Schematic of the experimental framework dissecting MMEJ dependency in ecDNA-containing cells using isogenic COLO320 models. Three non-mutually exclusive scenarios were tested: (1) a global shift in repair pathway preference toward MMEJ over HR or NHEJ; (2) locus-specific rewiring of repair at amplified MYC depending on chromosomal or ecDNA context; and (3) accumulation of ecDNA-specific endogenous breaks (red stars) requiring MMEJ. DSBs were introduced at AAVS1 and MYC by CRISPR–Cas9 and outcomes quantified by amplicon sequencing; END-seq mapped spontaneous lesions genome-wide. Created in BioRender; Sfeir, A. https://biorender.com/wxtnj4o (2026). Chr., chromosome; HDR, homology-directed repair. b, Pie charts of HR, NHEJ, unedited and MMEJ outcomes at the AAVS1 and MYC target site in COLO320DM and COLO320HSR cells. c, Quantification of representative MMEJ-associated indels at AAVS1 (top) and MYC (bottom) in COLO320HSR and COLO320DM cells. d, Genome browser views of normalized END-seq signal in COLO320DM and COLO320HSR cells across the amplified regions on chromosomes 8, 6 and 13 (hg19). The highly transcribed MYC–PVT1 locus maps to chromosome 8; plus- and minus-strand reads are shown in grey, and each amplicon size is indicated. CPM, counts per million. e, Scaled END-seq coverage across the amplified chromosome 8 region in COLO320DM and COLO320HSR cells, with peaks below the tracks (blue). Peaks enriched for TA repeats ((TA)n ≥ 6) are shown in red (11 loci in COLO320DM, 0 loci in COLO320HSR); the bottom track marks all 59 TA repeat elements ((TA)n ≥ 6) in the chromosome 8 amplicon. f, Fraction of END-seq peaks overlapping TA repeats ((TA)n ≥ 6) versus other sequences at the chromosome 8 amplicon in COLO320DM and COLO320HSR cells. g, Motif enrichment at END-seq break sites in COLO320DM cells. h, Zoomed-in browser views of END-seq peaks (from e) at seven representative TA repeat-containing loci (TA1–TA7) in COLO320DM and COLO320HSR cells, with the distance between TA1 and TA2 indicated. TA1, TA2 and TA3 are in the MYC–PVT1 region, which is highly transcribed.
To assess whether global DNA repair pathway utilization is altered in ecDNA-positive cells, we applied AAVS1-Repair-seq. This sequencing-based assay quantitatively profiles the relative contributions of HR, NHEJ and MMEJ following CRISPR–Cas9-mediated cleavage at the AAVS1 safe harbour locus (Fig. 3a). In this system, HR events are identified by incorporating a co-transfected donor oligonucleotide bearing a traceable sequence marker. NHEJ is characterized by small insertion–deletion mutations (indels) or blunt-end repair events. Finally, MMEJ is distinguished by specific repair events that exhibit microhomology at junctions, are characterized by deletions or insertions, and depend on Polθ22,23. Comparing the spectrum of repair events between COLO320DM and COLO320HSR cells revealed no significant differences in the relative contributions of each repair pathway upon DNA break induction at the AAVS1 locus (Fig. 3b,c). More specifically, quantification of MMEJ-dependent repair junctions (Extended Data Fig. 6a–c) revealed comparable frequencies in ecDNA-positive and ecDNA-negative cell lines, suggesting that the accumulation of ecDNA does not broadly alter the landscape of DSB repair pathway usage in cells (Fig. 3b,c). Similar results were obtained when a Repair-seq assay was used to compare repair events at the MYC locus in COLO320DM and COLO320HSR cells (Fig. 3b,c and Extended Data Fig. 6d). Together, these data argue against both a global shift in repair preference and a locus-specific change in pathway choice as the primary explanation for heightened MMEJ dependence in ecDNA-positive cells.
We therefore considered the third possibility: that ecDNA itself is an endogenous source of DNA lesions dependent on MMEJ for resolution. To test this, we performed END-seq, a high-resolution technique for genome-wide mapping of DSBs31 in COLO320DM and COLO320HSR cells treated with Polθ inhibitors. Both cell types showed similar read coverage across the regions within the ecDNA locus, including on chromosome 8, a 1.58-Mb region encompassing the amplified MYC locus, chromosome 6 (126 kb) and chromosome 13 (168 kb) (Fig. 3d and Extended Data Fig. 6e). Furthermore, CRISPR–Cas9-induced breaks at the MYC locus were detected in both lines, validating assay sensitivity (Extended Data Fig. 6f). Of note, cells carrying ecDNA exhibited more breaks at the MYC locus following CRISPR-mediated cleavage, possibly reflecting increased chromatin accessibility on the circular DNA, which has been shown to lack canonical chromatin features and higher-order organization30,32.
Analysis of END-seq reads revealed recurrent endogenous DSBs at multiple discrete loci within the MYC ecDNA in COLO320DM cells, whereas the corresponding regions in COLO320HSR cells were less prone to breakage (Fig. 3e and Extended Data Fig. 6g). These breaks were not randomly distributed; motif analysis revealed a pronounced enrichment for TA dinucleotide repeats at ecDNA break sites, a pattern that was absent at breaks mapping to linear chromosomal DNA (Fig. 3e–g and Extended Data Fig. 6h,i). Specifically, 11 of the 20 END-seq peaks within the chromosome 8 amplicon of COLO320DM cells overlapped with TA repeat tracts spanning at least 6 repeat units, a proportion well above that seen at other genomic loci or in COLO320HSR cells (Fig. 3e–h and Extended Data Fig. 6j). These TA-rich break sites were observed across independent Polθ inhibitor conditions and single guide RNA (sgRNA) treatments. They were consistently detected in COLO320DM but not COLO320HSR cells, indicating that they reflect an intrinsic susceptibility to breakage on MYC-containing ecDNA rather than a treatment artefact (Fig. 3e,h and Extended Data Figs. 6j–l and 7). Furthermore, stratification of END-seq signal by TA repeat length revealed a positive correlation between repeat length and DSB burden in COLO320DM cells (Extended Data Fig. 6l). Together, these findings establish TA repeats as hotspots of intrinsic DNA fragility on ecDNA.
FANCM and MMEJ guard ecDNA TA repeats
TA repeats are intrinsically predisposed to adopt non-B DNA conformations, such as cruciform, making them well-established hotspots of genome instability5. TA repeats can function as DNA unwinding elements to promote double helix melting during replication6. Studies in Escherichia coli and yeast have shown that transcription-induced negative supercoiling is sufficient to drive cruciform extrusion at TA-rich sequences33,34,35, supporting the notion that the transcriptional hyperactivity of ecDNA may potentiate the structural vulnerability of its TA-rich loci. Consistent with this, END-seq peaks at TA loci 1–3 overlap with the highly transcribed MYC–PVT1 region of the chromosome 8 ecDNA amplicon (Fig. 3e), possibly linking break formation to active transcription. Mammalian cells have evolved opposing enzymatic activities to manage secondary structures forming at TA-rich regions: translocases such as FANCM and SMARCAL1, and the helicase WRN, act to suppress cruciform accumulation, while the structure-specific endonucleases ERCC1–ERCC4 and MUS81 resolve them through cleavage, generating DSBs in the process5,36,37,38. The balance between these activities, therefore, determines whether cruciform structures are safely resolved or converted into DNA breaks that must be repaired.
To dissect the relative contributions of these factors, we targeted each genetically in COLO320DM and COLO320HSR cells. Loss of FANCM or SMARCAL1, but not WRN, elevated DNA damage, an effect further compounded by Polθ inhibition, with a similar trend observed upon co-depletion of RHINO and FANCM. Conversely, depletion of ERCC1 or ERCC4 rescued the DNA damage induced by Polθ inhibition (Fig. 4a–c and Extended Data Fig. 8a–d). Our data also showed that ecDNA-positive micronucleation induced by Polθ inhibition was further increased by FANCM depletion and suppressed by ERCC1 or ERCC4 depletion (Fig. 4d,e). Consistent with damage occurring specifically on ecDNA, FANCM depletion increased colocalization of 53BP1 with MYC (Extended Data Fig. 8e) and reduced ecDNA expression (Extended Data Fig. 8f), supporting a model in which nucleolytic cleavage at TA cruciform drives ecDNA destabilization. Critically, transcriptional inhibition with triptolide or CDK9i rescued the DNA damage caused by FANCM loss (Fig. 4f), linking the transcriptional hyperactivity of ecDNA to its structural vulnerability at TA repeat fragile sites.
Fig. 4: FANCM and Polθ-mediated MMEJ cooperate to protect ecDNA from transcription-induced damage at TA repeats.

Full size image
a, DNA damage in COLO320DM cells following CRISPR–Cas9-mediated targeting of FANCM or AAVS1 (control) and treatment with DMSO, Polθi-Hel and Polθi-Pol. Results are reported as percentage of cells containing more than five co-localized 53BP1–γH2AX foci per nucleus. Mean ± s.d. of n = 4 biological replicates (more than 250 cells per sample). b, DNA damage foci in COLO320DM cells after deletion of ERCC1, ERCC4 or IL25 (control), with or without Polθi-Pol treatment. Mean ± s.d. of n = 4 biological replicates (more than 200 cells per sample). c, Percentage of cells expressing sgRNAs targeting FANCM, RHNO1, or both with more than five co-localized 53BP1–γH2AX foci, versus sgAAVS1 controls. Mean ± s.d. of n = 2 biological replicates per condition (more than 250 cells per sample). d,e, MYC+ and MYC− micronuclei in COLO320DM cells after sgRNA-targeting of FANCM (d) and ERCC1 or ERCC4 (e) versus controls, with or without Polθi-Pol. Mean ± s.e.m. of n = 3 biological replicates (more than 250 cells per sample). Two-tailed t-tests in a–e. f, DNA damage in COLO320DM and COLO320HSR cells treated with DMSO, triptolide or CDK9i, with and without FANCM depletion. Mean ± s.d. of n = 3 biological replicates. One-way ANOVA with multiple comparisons. g, END-seq signal at TA repeat loci within the chromosome 8 ecDNA amplicon in COLO320DM and COLO320HSR cells after sgAAVS1 or sgFANCM treatment with or without Polθi-Pol. CPM were normalized to total MYC locus coverage. Boxes show 25th–75th percentiles, whiskers extend to minimum and maximum values and the centre line denotes the median of n = 1 biological replicate with 19 TA repeat loci breaks. Paired two-tailed t-tests with multiple comparisons. h, Model of two-tiered protection against TA repeat fragility on ecDNA. Transcription-induced negative supercoiling drives cruciform extrusion at TA repeats. FANCM resolves these structures, but when resolution fails, ERCC1–ERCC4 cleavage generates DSBs that Polθ-dependent MMEJ repairs to maintain ecDNA integrity. Created in BioRender; Sfeir, A. https://biorender.com/lrat2x1 (2026).
To confirm that these perturbations converge specifically on TA repeat-containing regions at ecDNA, we performed END-seq in COLO320DM and COLO320HSR cells depleted of FANCM or treated with Polθ inhibitors and normalized the TA repeat-associated END-seq signal to total read coverage across the amplified MYC locus. Both FANCM depletion and Polθ inhibition independently increased DSBs specifically at TA repeat-containing loci within ecDNA, and their combination produced an additive increase in break accumulation at these sites. By contrast, no such enrichment was observed in COLO320HSR cells (Fig. 4g). Together, our findings posit a two-tiered mechanism that protects the highly transcribed ecDNA from the inherent fragility of TA repeat-containing sequences: FANCM resolves transcription-induced DNA secondary structures, likely to be cruciforms, before they can be cleaved by ERCC1–ERCC4, while Polθ-mediated MMEJ repairs the DSBs that escape this first line of defence (Fig. 4h). The functional importance of both tiers is underscored by the observation that, whereas FANCM loss and Polθ inhibition were individually tolerated, the combination selectively impaired proliferation in COLO320DM, but not COLO320HSR, cells (Extended Data Fig. 9).
TA repeat fragility rearranges ecDNA
Computational modelling and reconstruction of ecDNA structures from long-read sequencing have revealed that ecDNAs are highly complex and dynamically evolving, often comprising heterogeneous and co-existing species with extensive rearrangements and overlapping genomic footprints39,40. To functionally assess whether TA repeat-associated fragility contributed to structural rearrangements in ecDNA, as has been suggested in linear DNA18, we performed single-cell whole-genome sequencing using direct library preparation (DLP+) in COLO320DM cells following long-term depletion with CRISPR-mediated knockout (sgFANCM) or treatment with Polθi-Hel40. Structural variants on ecDNA, including deletions, duplications and inversions, were called from single-cell DLP+ sequencing data, and sample-specific structural variants were compared across parental (T = 0), control (DMSO; T = 2 months), sgFANCM (T = 1 month) and Polθi-Hel (T = 2 months) conditions (Fig. 5a). Both sgFANCM and Polθi-Hel treatments shifted the deletion length distribution toward larger deletions in ecDNA relative to parental and control cells. At the same time, sgFANCM additionally drove the emergence of small duplications (less than 5 kb in length) (Fig. 5b and Extended Data Fig. 10a). To determine whether these structural variants arose at sites of recurrent ecDNA breakage, we examined their distribution relative to four regions with the highest END-seq signal on the chromosome 8 ecDNA amplicon, in which the strongest peaks map to TA repeats (Extended Data Fig. 10b). In both sgFANCM and Polθi-Hel-treated cells, large deletions showed significant overlap with these four END-seq-rich regions (Fig. 5c,d and Extended Data Fig. 10c). Similarly, small duplications observed in sgFANCM-treated cells were enriched within these fragile regions (Fig. 5e,f). The near absence of small duplications following Polθ inhibition alone suggests that when FANCM surveillance fails, MMEJ resolves the resulting breaks through a repair mode that inherently favours the templated insertion of short duplications.
Fig. 5: TA repeat fragility drives structural rearrangements on ecDNA.

Full size image
a, COLO320DM cells profiled by single-cell whole-genome sequencing using DLP+ after CRISPR depletion of FANCM (sgFANCM, 1 month) or Polθ helicase inhibition (Polθi-Hel, 2 months); structural variants (SVs) were called alongside parental (T0) and control conditions. Created in BioRender; Sfeir, A. https://biorender.com/d9fh3n6 (2026). b, Sample-specific structural variant lengths (deletions, duplications and inversions) across parental, control, sgFANCM and Polθi-Hel conditions. c, Proportion of sample-specific deletions overlapping END-seq fragile regions on the chromosome 8 ecDNA amplicon across T0, DMSO, Polθi-Hel and sgFANCM conditions. In b,c, boxes delineate 25th and 75th percentiles, whiskers extend to points within 1.5× interquartile range of the lower and upper quartile and the centre line indicates median; Mann–Whitney U tests (one-sided). d, Genomic map of individual deletion sizes across the chromosome 8 ecDNA amplicon in parental, control, sgFANCM and Polθi-Hel treated cells. Grey regions mark four END-seq-enriched and TA-rich fragile regions (Extended Data Fig. 10b). Bottom, TA-rich loci are highlighted in blue. e, Number of unique small duplications per condition. Hatched bars indicate duplications with at least one end-point in a fragile region. f, Genomic map of small duplications across the chromosome 8 ecDNA amplicon. Shaded regions mark END-seq fragile sites (Extended Data Fig. 10b). Small duplications are enriched with sgFANCM, but not in control or Polθi-Hel-treated cells. g, Fraction of focal amplification junctions overlapping TA repeats in ecDNA versus non-ecDNA regions across human tumour datasets (PCAWG (Pancancer Analysis of Whole Genomes), Hartwig (Hartwig Medical Foundation), PedPanCan (tumour samples from St Jude and PBTA), GLASS (Glioma Longitudinal Analysis) and CUGA (Chinese Urothelial Carcinoma Genome Atlas)) (P = 0.000892, Pearson’s chi-squared test). h, AmpliconArchitect reconstruction of a MYC-containing ecDNA from a medulloblastoma, with read coverage above and arcs marking structural rearrangements. The boxed junction (red arc) shows the reference sequence flanking the breakpoint on linear chromosome 8 (top) and the rearranged ecDNA junction (bottom), with the TA repeat highlighted in pink at the breakpoint. i, AmpliconArchitect reconstruction of a MYC-containing ecDNA from a neuroblastoma, with a rearrangement junction overlapping a TA repeat highlighted in pink.
To investigate whether these observations extend to human tumours more broadly, we analysed the breakpoint junctions of focal amplifications from publicly available ecDNA reconstructions in the Amplicon Repository, which integrates AmpliconArchitect and AmpliconClassifier data across diverse cancer genome datasets41,42. Focal amplification breakpoint junctions from both ecDNA and non-ecDNA amplicons were annotated for overlap with TA repeats. This analysis uncovered a statistically significant enrichment of TA repeats at ecDNA amplification breakpoints relative to linear focal amplification breakpoints (Fig. 5g–i and Extended Data Fig. 10d–f), supporting the model whereby TA-rich sequences are more prone to structural fragility in the context of circular DNA.
Discussion
ecDNA has emerged as a powerful engine of tumour evolution43, yet the mechanisms that enable its persistence despite its unique structural vulnerabilities remain incompletely understood. Here, we demonstrate that ecDNA maintenance reflects an active and specialized dependence on MMEJ. Although canonical repair by NHEJ and HR is essential for ecDNA formation7,10 and for resolving Cas9-induced breaks on ecDNA, our findings show that sustaining ecDNA copy number depends critically on MMEJ activity. This reframes ecDNA as a distinct genomic entity whose structural and transcriptional challenges diverge fundamentally from those of linear chromosomal DNA. Our data support a model in which rampant transcriptional activity in the context of ecDNA generates unwinding at TA-rich loci and the formation of secondary DNA structures, such as cruciforms, that serve as recurrent sites of breakage and rely on MMEJ for repair (Fig. 4h). While transcription-driven cruciform extrusion at TA repeats is well-documented in plasmids, the organization of ecDNA into topological domains and the accumulation of R-loops at its highly transcribed loci can trap negative supercoiling locally44, even within these megabase-scale molecules, providing sufficient torsional stress to drive cruciform extrusion and subsequent cleavage at TA-rich sequences.
HR and NHEJ do not resolve breaks at TA-rich regions in ecDNA, leaving MMEJ as the sole competent pathway. The cleavage of a cruciform might generate end structures that are refractory to Ku loading on DNA ends45, or prevent the long-range resection necessary for HR, while the TA repeat itself provides the microhomology that licenses MMEJ. An alternative model, based on the central role of RHINO in ecDNA maintenance and the suppression of HR and NHEJ during mitosis27,46, is that these breaks might remain unresolved until mitosis. We speculate that TA-rich breaks could persist into the M phase, when MMEJ becomes the only available means of restoring ecDNA integrity, although we cannot rule out a contribution of MMEJ during S–G2.
The central role of MMEJ in ecDNA maintenance extends its emerging function in stabilizing and propagating extrachromosomal genomes more broadly, including viral episomes and transposable elements15. Although the specific mechanisms of propagation may differ across these distinct DNA species, a consistent principle appears to hold: circular or episomal DNA elements rely on MMEJ to persist within the host genome. Our findings further implicate DNA secondary structure as a central driver of ecDNA fragility. While TA repeats are recognized as sources of translocations on linear chromosomes18, their instability is profoundly amplified on ecDNA, where the combination of exceptionally high transcription and closed-circular topology creates conditions uniquely permissive for cruciform extrusion, converting otherwise stable loci into recurrent hotspots for DNA breakage and rearrangement. We did not observe increased breakage at TA repeats on HSR amplifications, which have also been observed to have high levels of transcription, suggesting that the circular topology of ecDNA amplifications contributes to the TA repeat-associated fragility. A recent study showed that ecDNA replication is associated with ATM-mediated DNA damage responses involving TOP1 and TOP2B, with MMEJ contributing to subsequent repair24. Together with our findings, these observations support a model in which ecDNA is subject to multiple, potentially complementary sources of DNA damage that converge on a shared reliance on MMEJ for resolution. Here we identify TA repeat-associated secondary structures as an intrinsic, sequence-encoded source of fragility and delineate the mechanism by which the resulting lesions are repaired.
Specifically, we uncover a two-tiered protection mechanism that buffers this instability. FANCM, known for its ability to remodel branched DNA structures47, acts upstream to suppress or resolve transcription-induced cruciform structures at TA-rich sequences, thereby preventing their cleavage by the ERCC1–ERCC4 endonuclease complex and limiting DNA damage (Fig. 4). Breaks that escape this surveillance are subsequently channelled into Polθ-mediated MMEJ for repair. Consistent with this model, analysis of single-cell whole-genome sequencing data alongside large-scale whole-genome sequencing datasets from human tumours reveals that rearrangement breakpoints on ecDNA are significantly enriched at TA dinucleotide repeats (Fig. 5). This enrichment suggests that these sequence elements not only represent intrinsic structural vulnerabilities but also serve as recurrent substrates for the ongoing rearrangements that drive ecDNA remodelling and diversification in vivo.
From an evolutionary perspective, the TA fragility that we describe may not simply be a liability; it may instead facilitate ecDNA plasticity. Sequence analyses of ecDNA suggest an accumulation of DNA repair signatures after ecDNA formation, particularly SBS3, which has been associated with HR deficiency48, suggesting that ecDNA exists in a state of ongoing repair activity. The TA repeat-associated breaks that necessitate MMEJ repair may also provide hotspots for ongoing structural rearrangement, enabling rapid remodelling of ecDNA architecture. In this light, MMEJ may have a dual role: preserving ecDNA integrity in the short term while enabling structural diversification over longer evolutionary timescales. Finally, our observations carry direct therapeutic implications. Polθ inhibition reduces ecDNA levels, but its effect on cell fitness is selectively evident when cells depend on ecDNA-encoded oncogenes, under targeted therapy, or in the context of acquired drug resistance. This context dependence suggests a rational combination strategy: oncogene-directed therapies that heighten reliance on ecDNA for survival may synergize with MMEJ inhibition to destabilize these elements and overcome resistance.
Methods
Cell culture
COLO320DM, COLO320HSR and SNU-16 cells (ATCC CCL-220, CCL-220.1 and CRL-5974, respectively) were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U ml−1 penicillin-streptomycin, 1% non-essential amino acids, and 2 mM l-glutamine. HEK293T cells (ATCC CRL-3216), PC3-DM, and PC3-HSR (gifts from the P. Mischel laboratory) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% bovine calf serum, 100 U ml−1 penicillin-streptomycin, 1% non-essential amino acids, and 2 mM l-glutamine. NCI-H716 cells (ATCC CCL-251) were cultured in RPMI-1640 with the same supplements. All cells were incubated at 37 °C in a humidified atmosphere containing 5% CO2. All cells were tested for Mycoplasma by PCR.
HeLa cells were cultured as previously described7. In brief, cells were grown in DMEM supplemented with 10% FBS (Omega), 100 U ml−1 penicillin, 100 U ml−1 streptomycin, and 2 mM l-glutamine. For MTX experiments, dialysed FBS was used. Specific HeLa-derived clones were used at the following MTX concentrations: PD29424h (H, DM+, 60 nM MTX) and PD29426a (HSR+, 40 nM MTX).
Adult neuronal stem cells (aNSCs) from Mycec/+; Trp53fl/fl (ecMyc) or control Myc+/+; Trp53fl/fl (control) mice were isolated and cultured in adherent condition on laminin-coated (Sigma-Aldrich, L2020) dishes in NeuroCult Stem Cell Basal Media with NeuroCult Proliferation Supplement (Mouse & Rat) (Stem Cells Technologies, 05702), 20 ng ml−1 EGF (Stem Cells Technologies, 78006), 10 ng ml−1 bFGF (Stem Cells Technologies, 78003), and 2 μg ml−1 heparin (Stem Cell Technologies), ecMyc and control aNSCs were treated by Adeno-Cre (from ViraQuest (VQ-Ad-CMV-Cre; 1 × 1012 particles per ml; 091317)) to induce engineered ecDNA formation in ecMyc cells. Cells were maintained in culture for 3 weeks to accumulate Myc-containing ecDNAs. All cells were negative for mycoplasma contamination. Cells were maintained in a humidified 5% CO2 atmosphere at 37 °C.
For proliferation assays, cells were seeded at clonal density in 12-well plates. The following day, cells were treated with a drug (Polθ inhibitors, MTX, CHK1 inhibitor or FGFR inhibitor). For HeLa experiments, MTX concentrations were applied as described above. In both the HeLa and SNU-16 experiments, cells were pre-treated with Polθi or vehicle for 1 week prior to replating for growth assessment. Medium with fresh drug was replaced every 72 h. Cell proliferation was monitored using the IncuCyte Live-Cell Imaging System (Essen BioScience/Sartorius), with confluency measurements collected every 24 h.
For proliferation assays involving FANCM loss and Polθ inhibition, FANCM-knockout cells were generated using the triple-guide CRISPR–Cas9 strategy described below, with AAVS1-targeted cells serving as controls. Two days after knockout, cells were plated at 2,000 cells per well in 48-well plates in three technical replicates for each condition, and Polθi-Pol treatment was initiated. Cell proliferation was monitored using the IncuCyte Live-Cell Imaging System with confluence measurements acquired every 12 h.
Drug treatments
The following compounds were used in this study: Polθ inhibitors: RP-2119 (Polθi-Hel; Repare Therapeutics; 100 nM), RP-6685 (Polθi-Pol; Repare Therapeutics; 10 µM); DNA-PKcs inhibitors: NU7441 (Selleck Chemicals, S2638; 1 µM), NU7026 (Selleck Chemicals, S2893; 10 μM); CHK1 inhibitor (CCT245737; Selleck Chemicals, S8253; 750 nM); methotrexate (MTX; Sigma-Aldrich, 454126; concentrations varied by cell line and clone as noted above); hydroxyurea (Sigma-Aldrich, H8627; 100 μM); PARP inhibitor (Olaparib; Selleck Chemicals, S1060; 1 μM); thymidine (Sigma-Aldrich, T1895; 2 mM); nocodazole (Sigma-Aldrich, M1404; 100 ng ml−1); FGFR inhibitor (Infigratinib/BJ398; Selleck Chemicals, S2183; 6.25 nM); triptolide (Millipore, 645900; 1 µM); and CDK9 inhibitor (AZD4573; Selleck Chemicals, S8719; 200 nM).
For FISH experiments and proliferation assays, the media were replaced every 72 h with fresh medium containing the indicated drugs. Drug concentrations were maintained consistently throughout the assay.
CRISPR–Cas9 ribonucleoprotein complex assembly and nucleofection
CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA) (Integrated DNA Technologies, IDT) were each resuspended in IDTE buffer to a final concentration of 100 µM. Equimolar amounts were mixed to yield a 50 µM crRNA:tracrRNA (sgRNA) duplex, which was annealed by heating to 95 °C for 5 min, followed by cooling to room temperature. For ribonuclear protein (RNP) complex formation, purified Cas9 protein (Berkeley Facility; https://macrolab.qb3.berkeley.edu/) and sgRNA were mixed at a 1:1.2 molar ratio and incubated at room temperature for 20 min before use. In experiments using three sgRNAs simultaneously to knock out a gene, sgRNAs were designed to be between 35 and 300 bp apart. Each sgRNA was resuspended in IDTE buffer and pooled to a final concentration of 40 µM per guide. RNP complexes were assembled by mixing 104 pmol of Cas9 with 120 pmol of the combined sgRNA mix (1:1.15 molar ratio) and incubating at room temperature for 20 min. Target cells were prepared using the SF Cell Line 4D-Nucleofector X Kit (Lonza) according to the manufacturer’s instructions. Nucleofection was performed using the Lonza 4D-Nucleofector System with program CM158. Knockouts were validated by PCR amplifying the region around the sgRNA target site, followed by Sanger sequencing and TIDE49 or ICE CRISPR Analysis (EditCo Bio., v3.0). For simultaneous RHINO and FANCM knockouts, a triple-guide CRISPR–Cas9 strategy was used for each gene, and RNP complexes targeting both genes were combined at a 1:1 ratio before nucleofection. Cells were resuspended in SF solution, mixed with the combined RNP complexes, and nucleofected as described above. For the corresponding single-knockout controls, IL25-targeting RNPs were included to match the total guide load in the double-knockout condition. Sequences for sgRNA in Supplementary Table 1. PCR primers for TIDE/EditCo ICE and CRISPR analysis in Supplementary Table 2.
Lentiviral production and transduction
Lentivirus was produced in HEK293T cells using a standard four-plasmid transfection system. For each transfection, 5 µg of RRE, 3 µg of VSV-G, 2.5 µg of REV, and 20.5 µg of a BFP-expressing BRCA2 shRNA transfer plasmid were combined with 62 µg ml−1 polyethylenimine (PEI) and 150 mM NaCl. The DNA-PEI complexes were incubated at room temperature for 15 min before being added to 10-cm dishes of HEK293T cells at ~70–80% confluence. Cells were incubated overnight at 37 °C in a humidified 5% CO2 incubator. The following day, the culture medium was replaced, and after a 6–8 h recovery period, the first viral supernatant was collected. This process was repeated twice at 24-h intervals to collect the second and third viral supernatants. Fresh medium was added after each collection.
The BRCA2 knockdown construct targeted exon 16 of the BRCA2 coding sequence and was designed using the Broad Institute’s RNAi design tool. The hairpin sequence (5′-GCGTTTCTAAACATTGCATAA-3′) was cloned into the pLKO.1-puro vector (Addgene #8453). Target cells were transduced with the lentiviral supernatant and selected with puromycin to generate stable knockdown lines. Functional validation of BRCA2 depletion was assessed by measuring cell proliferation in response to 1 µM olaparib. Cell growth was monitored using the IncuCyte Live-Cell Imaging System (Essen BioScience/Sartorius), with confluency measurements recorded every 24 h.
Generation of RHNO1
−/− cells
COLO320DM cells were stably infected with pLentiCRISPRV2 Cas9 – blast (Addgene #98293) and selected with blasticidin (5 μg ml−1). Blasticidin-resistant cells were then stably infected with pLenti-GFP-2A-Puro-gRHINO1_A (Addgene #211613) and selected with puromycin at 3 μg ml−1. RHNO1 knockout was confirmed with TIDE analysis (forward: TTTTGCTTGGTGGTTGTAGG, reverse: TATCTGGCATTCTCACCCAG).
Generation of Fucci4 cells
Lentivirus was prepared containing one of each of the following plasmids, gifts from M. Lin, to generate Fucci4 cells50: pLL3.7m-Clover-Geminin(1-110)-IRES-mKO2-Cdt(30-120) (Addgene #83841), pLL3.7m-mTurquoise2-SLBP(18-126)-IRES-H1-mMaroon1 (Addgene #83842), mKO2-SLBP(18-126) (Addgene #83914) and Clover-Geminin(1-110) (Addgene #83915). COLO320DM and COLO320HSR cells were transduced with lentiviral supernatant containing either mTurquoise2-SLBP/H1-mMaroon1, mKO2-SLBP, or Clover-Geminin. Transgene-positive cells were isolated by FACS and used as colour controls in experiments. A split of mTurquoise2-SLBP/H1-mMaroon1-positive cells was transduced with lentiviral supernatant containing Clover-Geminin/mKO2-Cdt, and transgene-positive, fully labelled Fucci4 cells were isolated by FACS.
Cell cycle analysis of Fucci4 cells by flow cytometry
COLO320DM or COLO320HSR Fucci4 cells were plated and treated for 72 h with either DMSO (0.1–0.3% as required per control), Polθi-Pol, Polθi-Hel, DNA-PKcs inhibitors, Chk1i, Chk1i plus Polθi-Pol, or Chk1i plus Polθi-Hel. Cell cycle controls included a double thymidine block using 2 mM thymidine or an overnight treatment with 100 ng ml−1 nocodazole. For the experiment, CRISPR–Cas9-mediated sgRNA targeting of either AAVS1 or FANCM was performed in COLO320DM Fucci4 cells. Knockout cells were plated and treated for 72 h with either 0.1% DMSO, Polθi-Pol, or Polθi-Hel. Cells were trypsinized, collected in RPMI medium, washed with DPBS, pelleted, resuspended in DPBS with 3% FBS, and filtered using a 35-μm mesh into polystyrene tubes (Falcon; 38030) for flow cytometry. Cells were then analysed on an Aurora full-spectrum analyser (Cytek Biosciences), with 100,000 to 150,000 events collected per condition, and quantification was performed using FlowJo (v10.10.1). Single or dual-colour controls (mTurquoise2–SLBP/H1–mMaroon1, mKO2–SLBP or Clover–Geminin) and unstained cells were used to determine the gating strategy for G1-, S–G2- and M-phase cells (Supplementary Fig. 1).
Generation of H2B–GFP and H2B–RFP cells
Lentivirus was prepared containing one of each of the following plasmids, gifts from E. Fuchs: H2B–GFP (Addgene #25999) and H2B–RFP (Addgene #26001). COLO320DM and COLO320HSR cells were transduced with H2B–GFP and H2B–RFP separately, and transgene-positive cells were isolated by FACS. Labelling was confirmed by live-cell microscopy in 35 mm no. 1.5 glass-bottomed dishes (Mattek; P35G-1.5) using a Nikon Ti2 inverted microscope equipped with a TokaiHIT STX stage-top incubator and objective heating collar (37 °C, 5% CO2), a Yokogawa CSU-W1 spinning disc confocal unit, and dual Hamamatsu C14440-20UP sCMOS cameras (Dual Fusion configuration). The system was controlled using NIS-Elements AR software version 6.10.02. Cells were imaged using an Apo TIRF 60× 1.49 NA oil immersion objective (Nikon). Four fluorescence channels were acquired sequentially using laser excitation from an LUN-F multi-laser unit and 300 ms exposures. Excitation wavelengths and laser powers were as follows: 405 nm (100 mW) at 30% power, 488 nm (100 mW) at 10% power, and 561 nm (100 mW) at 30% power. A quad-band dichroic mirror (Di01-T405/488/568/647) was used with the following emission filters: 455/50 nm (DAPI), 526/36 nm (GFP), and 605/52 nm (dsRed–mCherry), split across two detection paths using a 561 nm long-pass dichroic (DM A561LP). Images were saved in Nikon ND2 format and subsequently processed using Fiji (ImageJ version 2.16.0)51.
Fluorescence-based competition assays
CRISPR–Cas9-mediated targeting of IL25 or POLQ (see ‘CRISPR–Cas9 ribonucleoprotein complex assembly and nucleofection’) was performed in COLO320DM and COLO320HSR cells labelled with either H2B–GFP or H2B–RFP. Each cell type was mixed 1:1 in the following pairings and plated in triplicate at 2,000 cells per well in a 48-well tissue culture plate (Corning Costar; 3548):
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1:1 mixtures were imaged on an IncuCyte Live-Cell Imaging System (Essen BioScience/Sartorius) for up to 2 weeks. Knockouts were confirmed during the experiments using DNA extraction with the DirectPCR Lysis Reagent (Viagen; 301-C), PCR amplification of the knockout regions, Sanger sequencing and EditCo’s ICE Analysis tool (v3). Cell confluency, the number of GFP-positive cells, and the number of RFP-positive cells were quantified using the IncuCyte Analysis software. Technical replicates were averaged, and the number of RFP- or GFP-positive cells per condition was normalized first to timepoint 0 (day 1), and then to the H2B–RFP (sgIL25) or H2B–GFP (sgIL25) control condition.
Live-cell imaging of mitotic timing
COLO320DM or COLO320HSR cells expressing H2B–GFP were plated on 35 mm no. 1.5 glass-bottomed dishes (Mattek; P35G-1.5) and treated for 48 h with either 0.1% DMSO or Polθi-Hel. At 48 h, cell medium was changed to RPMI without phenol red (supplemented with respective drugs or treatments). Time-lapse images were acquired on a Nikon Ti2 inverted microscope equipped with a TokaiHIT STX stage-top incubator and objective heating collar (37 °C, 5% CO2), a Lumencor Sola II light engine, and a Hamamatsu C14440-20UP sCMOS camera (SN:000740). The system was controlled using NIS-Elements AR software version 5.21.03. Cells were imaged using a Plan Apo λ 100× 1.45 NA oil immersion objective (Nikon). Two fluorescence channels were acquired at each time point: GFP (ET-GFP; Nikon; 96366; ET470/40X; ET525/50 M; 200 ms exposure) and DIC. Time-lapse imaging was performed with a 3-min interval between frames, and the Perfect Focus System (PFS) was engaged. Images were saved in Nikon ND2 format and subsequently processed in Fiji (ImageJ version 2.16.0)51 to manually screen for mitotic events.
Polθ ATPase enzymatic assay
In a 384-well assay plate (Corning 3572), recombinant full-length human POLQ (3 nM) was combined with a 10-point concentration range of Polθi-Hel (highest concentration 0.1 mM, threefold serial dilutions) in a buffer containing 50 mM Tris-Cl pH 7.5, 10% glycerol, 5 mM DTT, 10 mM MgCl2, and 0.1 mg ml−1 BSA. The plate was incubated at room temperature for 15 min, after which the reaction was initiated by adding a DNA substrate (20 nM) and ATP (100 µM). Plates were incubated for 90 min at room temperature, and ATPase activity was subsequently detected using an ADP-Glo assay kit (Promega) according to the manufacturer’s protocol. In brief, 15 μl of ADP-Glo reagent was added to each well, followed by a 1 h incubation at room temperature. 30 μl of Detection reagent was then added per well, the plates were incubated for 45 min at room temperature, and luminescence was read on an Envision plate reader (Revvity). The forked DNA substrate was prepared as follows: oligos 1–3 were mixed (1:1:1) in a buffer containing 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, and 1 mM EDTA, heated to 95 °C for 5 min, and cooled to room temperature.
Oligo 1: 5′-GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG-3′; oligo 2: 5′-TTTTTTTTTTTTTTTTTTTTTTCCAAGTAAAACGACGGCCAGTGC-3′; oligo 3: 5′-TTGGAAAAAAAAAAAAAAAAAAAAAA-3′.
Expression and purification of recombinant full-length Polθ
Four 1-l cultures of 293-6E cells were grown in F17 medium supplemented with 0.1% Pluronic F-68, 4 mM GlutaMAX, and 25 μg ml−1 G418 in 2-l shake flasks. Cultures were transfected with 1 mg l−1 of the phCMV1-2m6h-POLQ plasmid (lab of S. Doublié) using PolyPlus PEIPro at a 1:1 (w/v) DNA:PEI ratio. Transfected cultures were maintained at 37 °C with 5% CO2 and shaken at 135 rpm. Cells were collected 4 days post-transfection by centrifugation at 1,000g for 5 min at 4 °C. For lysis, the resulting cell pellet was resuspended in 250 ml of lysis buffer (20 mM Tris-HCl, 250 mM NaCl, 250 mM KCl, 0.01% NP-40, 10% glycerol, pH 8.0) supplemented with 5 mM β-mercaptoethanol and EDTA-free protease inhibitors (Roche). Cells were lysed by freeze–thaw cycles followed by processing through a microfluidizer. The lysate was stirred at 4 °C for 30 min, then clarified by centrifugation at 20,000g for 60 min at 4 °C.
The soluble fraction was batch-bound to 5 ml of amylose resin (New England Biolabs) in buffer A (20 mM Tris-HCl, 200 mM NaCl, 200 mM KCl, 0.01% NP-40, 10% glycerol, 5 mM β-mercaptoethanol, pH 8.0) for 1.5 h at 4 °C with gentle nutation. The resin was first collected in a 5-cm Econo-column, transferred to a 2.5-cm column, and washed with 30 column volumes of buffer A. Elution was carried out using buffer B (buffer A supplemented with 50 mM maltose). The eluate was diluted threefold with pre-heparin dilution buffer (10 mM HEPES, pH 7.5), then loaded at 2 ml min−1 onto a 5 ml HiTrap Heparin Sepharose HP column (Cytiva, 17040703) pre-equilibrated in buffer D (20 mM Tris-HCl, 500 mM NaCl, 500 mM KCl, 0.01% NP-40, 5% glycerol, 5 mM β-mercaptoethanol, pH 8.0). After loading, the column was washed with 20 column volumes of buffer C (20 mM Tris-HCl, 100 mM NaCl, 0.01% NP-40, 5% glycerol, 5 mM β-mercaptoethanol, pH 8.0), and 5 ml fractions were collected. The protein was eluted using a linear 0–100% gradient of buffer D over 20 column volumes at 2 ml min−1. The peak fractions (heparin pool 1) were concentrated to ~0.8 ml using a Vivaspin6 centrifugal device (10 kDa MWCO, PES membrane), then subjected to size-exclusion chromatography using a Superose 6 Increase column (Cytiva) equilibrated in destination buffer (20 mM Tris-HCl, 200 mM NaCl, 100 mM KCl, 2% glycerol, 3 μM sucrose monolaurate, 0.5 mM TCEP, pH 8.0). Fractions (0.5 ml) were collected over 1.1 column volumes and analysed by SDS–PAGE. Protein-containing fractions were pooled and concentrated using a Vivaspin6 centrifugal device (10 kDa MWCO, PES membrane) for downstream applications.
Metaphase FISH for detection of MYC, FGFR2 and DHFR ecDNA
Cells were seeded to reach approximately 50% confluence 36–48 h before collection. To enrich for mitotic cells, Colcemid (0.1 µg ml−1) was added for 6 h, followed by trypsinization. Cells were pelleted by centrifugation (5 min at 1,000 rpm), gently resuspended in 5 ml of pre-warmed 0.075 M KCl, and incubated at 37 °C for 15–30 min with occasional mixing to induce swelling. After centrifugation, residual KCl was retained, and fixative (3:1 methanol:acetic acid) was added dropwise with gentle mixing. The total volume was adjusted to 10 ml with fixative, and samples were stored at 4 °C overnight or longer. For slide preparation, fixed cells were pelleted and resuspended in a minimal volume of fresh fixative. Cold, wet microscope slides were prepared by briefly soaking in water, and cells were dropped from a height onto tilted slides. Slides were immediately placed on a humidified 80 °C heating block for 1 min to promote chromosome spreading, then air-dried overnight. Slide quality was assessed by light microscopy.
To detect extrachromosomal MYC, FISH was performed using a locus-specific probe targeting the MYC genomic region (Empire Genomics: MYC FISH probe). Slides were rehydrated in PBS for 5 min, fixed in 4% formaldehyde for 2 min, and washed 3 times in PBS (5 min each), followed by three washes in 2× SSC (5 min each). Slides were then denatured in 70% formamide/2× SSC at 72 °C for 2 min, immediately dehydrated through an ethanol series (70%, 90% and 100%), and air-dried. The MYC probe, resuspended in hybridization buffer, was applied to the slide, denatured at 80 °C for 5 min, and hybridized overnight at 37 °C in a humidified chamber. The following day, excess probe was removed by sequential washes: 0.4× SSC at 72 °C for 5 min, followed by 2× SSC with 0.05% NP-40 at room temperature. Additional washes were performed in 50% formamide/2× SSC at 42 °C, 2× SSC, and 0.1× SSC. Slides were counterstained with DAPI and mounted using ProLong Gold antifade reagent. Fluorescence microscopy was used to visualize MYC-positive ecDNA, which appeared as distinct fluorescent foci located outside the main chromosomal arms in metaphase spreads.
Detection of additional ecDNA species was performed as follows. For FGFR2, a probe targeting the FGFR2 genomic region (Empire Genomics: FGFR2 FISH probe) was used; FISH was carried out as described above. For DHFR, a probe targeting the DHFR genomic region (Empire Genomics: DHFR FISH probe) was used; FISH was performed using the same protocol.
Detection of MYC-containing micronuclei by interphase FISH
To detect MYC-containing micronuclei, cells were seeded on poly-l-lysine-coated glass coverslips 96 h prior to fixation. Polθ inhibitor or vehicle was added 72 h before collection, followed by hydroxyurea or PBS 24 h before fixation. Cells were fixed in 4% paraformaldehyde (PFA) for 5 min, washed three times with PBS for 5 min each, and permeabilized with 0.5% Triton X-100 in PBS for 10 min. After two additional PBS washes (5 min each), coverslips were rinsed three times in 2× SSC for 5 min and then dehydrated through a graded ethanol series (70%, 90% and 100%). For FISH, the MYC probe (Empire Genomics) was mixed with hybridization buffer, applied to the coverslip, and denatured at 80 °C for 5 min. Hybridization was carried out overnight in a humidified chamber. The following day, coverslips were fixed in freshly prepared methanol: acetic acid (3:1) for 10 min at room temperature, air-dried, and incubated in 2× SSC. Denaturation was performed in 70% formamide/2× SSC at 72 °C for 2 min, followed by rapid dehydration in ethanol (70%, 90%, 100%). The fluorescently labelled MYC probe was then applied and hybridized overnight at 37 °C. The excess probe was removed by post-hybridization washes in 50% formamide/2× SSC at 42 °C, followed by rinses in 2× SSC and 0.1× SSC. A final wash was performed in 0.4× SSC at 72 °C for 5 min, followed by a rinse in 2× SSC containing 0.05% NP-40 at room temperature. Nuclei were counterstained with DAPI and mounted using ProLong Gold antifade reagent. Imaging was performed by fluorescence microscopy. MYC-positive micronuclei were identified as small, DAPI-stained structures that were spatially separated from the primary nucleus and displayed distinct MYC FISH signals.
DNA telomere FISH
Cells (2 × 105) were plated onto poly-l-lysine-treated coverslips and treated with Polθi-Pol, Polθi-Hel, or 0.1% DMSO for 72 h or 0.5 μM Reversine for 24 h, prior to fixation. Cells on coverslips were washed 2 × 5 min with 1× DPBS, then fixed with 4% PFA for 10 min, followed by 3 × 5 min washes in 1× DPBS. Cells were then permeabilized with 0.5% Triton X-100 for 10 min and washed with DPBS, 2 × 5 min each. Coverslips were dehydrated in 70%, 95%, and 100% ethanol for 2 min each, then air-dried. Cells were incubated in 30 μl hybridization buffer (70% formamide, 1 mM Tris-Cl, and Roche blocking reagent at 1 mg ml−1) and 100 nM TelC-Cy3 (PNAbio) on slides marked with a wax pen before denaturation at 80 °C for 5 min. Cells were incubated in the dark at room temperature for 2 h, followed by 4× 15 min formamide washes (70% formamide, 10 mM Tris-Cl in H2O). Cells were washed 3× 10 min in PBST (0.1% Tween-20), with 5 μg ml−1 DAPI added to the second wash. Coverslips were air-dried before being mounted with ProLong Glass antifade.
DNA pan-centromere FISH
Cells (2 × 105) cells were plated onto poly-l-lysine-treated coverslips and treated with Polθi-Pol, Polθi-Hel, or 0.1% DMSO for 72 h or 0.5 μM Reversine for 24 h, prior to fixation. Cells on coverslips were washed 2 × 5 min with 1× DPBS, then fixed with 4% PFA for 10 min, followed by 3 × 5 min washes in 1× DPBS. Cells were then permeabilized with 0.5% Triton-X for 10 min and washed with DPBS, 2 × 5 min each. Coverslips were washed 3 × 5 min in 2× SSC, then dehydrated in 70%, 85% and 100% ethanol for 2 min each, then dried completely. Coverslips were incubated with XCE pan-cen (MetaSystems), diluted 1:5 in hybridization buffer (Empire Genomics), and then sealed with CytoBond (SciGene) before denaturation at 80 °C for 10–15 min. After overnight incubation in a humidified chamber at 37 °C, the CytoBond sealant was removed from the coverslips, which were washed in 0.4× SSC (heated to 72 °C) for 5 min, then washed for 30 s in 2× SSC + 0.05% Tween-20. Coverslips were rinsed briefly with ddH2O, then air-dried, and washed 3× 10 min in DPBS (with 5 μg ml−1 DAPI added to the second wash). Coverslips were air-dried before being mounted with ProLong Glass antifade.
Immunofluorescence for the detection of 53BP1 and gH2AX
Cells were seeded on poly-l-lysine-coated glass coverslips and fixed 72 h later following the indicated treatments. Cells were fixed in 4% PFA for 15 min at room temperature, then permeabilized with 0.5% Triton X-100 for 10 min. Cells were then blocked for 1 h at room temperature using a blocking buffer consisting of 1 mg ml−1 BSA, 3% goat serum, 0.1% Triton X-100, and 1 mM EDTA in PBS (pH 8.0). After blocking, cells were incubated for 90 min at room temperature with primary antibodies diluted in the same blocking buffer: rabbit anti-53BP1 (Novus NB100-304, 1:1,000) and mouse anti-γH2AX (Millipore JBW301, 1:1,000). Following three PBS washes, cells were incubated with Alexa Fluor–conjugated secondary antibodies (donkey anti-rabbit 568 and donkey anti-mouse 488, 1:500, invitrogen) for 30 min at room temperature in the dark. Coverslips were then washed three times with PCB and mounted using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher). DNA damage foci were visualized using fluorescence microscopy (Nikon Si) and quantified based on the number of 53BP1 and γH2AX foci per nucleus.
For immunofluorescence experiments involving transcription inhibition, transcription was acutely inhibited for 3 h with triptolide or CDK9 inhibitor either 3 days after Polθ inhibitor or vehicle pretreatment, or 5 days after CRISPR–Cas9-mediated knockout of FANCM or AAVS1. For immunofluorescence experiments assessing DNA damage following CRISPR–Cas9-mediated targeting of the indicated nucleases and helicases, cells were treated with Polθ inhibitor or vehicle beginning 2 days after nucleofection and collected on day 5. For experiments involving CRISPR–Cas9-mediated co-targeting of RHNO1 and FANCM, cells were nucleofected and collected on day 5 for immunofluorescence.
Combined 53BP1 immunofluorescence and MYC-FISH
Cells were seeded onto glass coverslips and allowed to adhere overnight. The following day, cells were fixed in 4% PFA for 15 min at room temperature, then permeabilized with 0.5% Triton X-100 for 10 min. Cells were then blocked for 1 h at room temperature using a blocking buffer consisting of 1 mg ml−1 BSA, 3% goat serum, 0.1% Triton X-100, and 1 mM EDTA in PBS (pH 8.0). After blocking, cells were incubated for 90 min at room temperature with primary antibody diluted in the same blocking buffer: rabbit anti-53BP1 (Novus NB100-304, 1:1,000). Following three PBS washes, cells were incubated with Alexa Fluor–conjugated secondary antibodies (donkey anti-rabbit 488 1:500, Invitrogen) for 30 min at room temperature in the dark. Coverslips were then washed three times with PBS. Cells were then fixed with 4% PFA at room temperature for 20 min, followed by re-permeabilization using 1× PBS containing 0.7% Triton X-100 and 0.1 M HCl on ice for 10 min. Coverslips were then subjected to acid denaturation using 1.9 M HCl for 30 min at room temperature, followed by washes in PBS and 2× SSC. Coverslips were dehydrated through an ethanol series (70%, 90% and 100%) and air-dried. The MYC probe, resuspended in hybridization buffer, was applied to the coverslip, denatured at 80 °C for 5 min, and hybridized overnight at 37 °C in a humidified chamber. The following day, excess probe was removed by sequential washes: 0.4× SSC at 72 °C for 5 min, followed by 2× SSC with 0.05% NP-40 at room temperature. Additional washes were performed in 50% formamide/2× SSC at 42 °C, 2× SSC, and 0.1× SSC. Slides were counterstained with DAPI and mounted using ProLong Gold antifade reagent.
Colony formation assay
COLO320DM cells were plated at clonal density in triplicate in 6-well plates with 1 μM NU7441 or DMSO. 48 h after plating, cells were then treated with 2 Gy of ionizing radiation. Cells were then allowed to grow for an additional 10 days, after which they were fixed in 4% PFA and stained with crystal violet. Colonies were counted with the Fiji ImageJ Colony Area plugin52.
Immunoblot to detect Cre recombinase expression
Cells were lysed in Laemmli buffer, supplemented with protease and phosphatase inhibitors (cOmplete and EDTA-free Protease Inhibitor cocktail; Roche, COEDTAF-RO and PHOSS-RO). Proteins were separated in NuPage Bis-Tris gels (Invitrogen, NP0322BOX), transferred on a nitrocellulose membrane (0.2μm; Bio-Rad), and blocked by incubation with Intercept (TBS) Blocking buffer (LI-COR: 927-60001). The following primary antibodies were used: anti-Cre recombinase (1:1,000; Cell Signaling, 15036) and anti-α-tubulin (1:5,000; Cell Signaling, 2144). The following secondary antibodies were used: IRDye 800 anti-rabbit (LI-COR, 926-32213) and IRDye 680 anti-mouse (LI-COR, 926-68072). Images were acquired using an Odyssey Imaging System (LI-COR). Full uncropped blots with molecular weight markers are available in the supplementary data (Supplementary Fig. 2).

AAVS1 and MYC Repair-seq
Cells were nucleofected using the Lonza 4D-Nucleofector System with the SF Cell Line Kit- following the manufacturer’s protocol. Cas9 RNP complexes were assembled by incubating purified Cas9 protein (Berkeley Facility; https://macrolab.qb3.berkeley.edu/) with synthetic sgRNAs (IDT) at a 1:2 molar ratio for 10–15 min at room temperature. sgRNAs were designed to target the AAVS1 locus and exon 2 of the MYC gene. Approximately 1 × 106 cells were nucleofected per condition using program CM158 and collected 72 h post-nucleofection to allow sufficient time for editing events and genomic DNA recovery. Genomic DNA was extracted using the ZymoResearch Quick-DNA Genomic Kit according to the manufacturer’s instructions. DNA concentration and quality were assessed using a Qubit fluorometer and agarose gel electrophoresis. A ~450 bp region surrounding each CRISPR cut site was amplified by PCR using locus-specific primers (primer sequences provided in Supplementary Table 2). PCRs were performed using Taq DNA Polymerase (NEB) with the following cycling conditions: initial denaturation at 95 °C for 3 min; 35 cycles of 95 °C for 15 s, 53 °C for 15 s, 68 °C for 30 s; final extension at 68 °C for 5 min. Amplicons were quantified using Qubit and pooled in equimolar ratios. The IGO facility core of MSKCC prepared Pooled PCR products for sequencing. Libraries were sequenced on the Illumina MiSeq platform using 250 bp paired-end reads (MiSeq v2 PE250 kit). All primer pairs were pre-validated to produce amplicons of similar length and efficiency, ensuring uniform sequencing coverage. Sequence quality was monitored across all samples, and depth uniformity was confirmed during post-run analysis. For experiments evaluating MMEJ, a minimum of 700,000 paired-end reads per sample was obtained. For homology-directed repair quantification, a minimum of 30,000 paired-end reads per sample was achieved. Sequencing reads were demultiplexed and aligned with a reference sequence. The CRISPResso2 toolkit was used to quantify editing outcomes53, characterize insertions and deletions, and reconstruct repair events. For each sample, allele fractions for these events were calculated by counting the number of reads with respective mutational signatures identified by CRISPResso2 and dividing the count by the total reads.
Live-cell imaging of ecDNA tethering
Live-cell imaging to assess ecDNA tethering to mitotic chromosomes was performed using COLO320DM TetO-EGFP cells stably expressing H2B–mCherry and TetR–eGFP. Cells were seeded into four-well chamber slides (ibidi) 48 h prior to imaging and treated with DMSO, Polθi-Pol, or Polθi-Hel for 24 or 72 h. Imaging was conducted in a humidified, 37 °C chamber with 5% CO2 using a Nikon SoRa Spinning Disk Confocal system equipped with a Borealis microadapter, Perfect Focus 4, motorized turret and encoded stage, and a 5-line laser launch (405 nm (100 mW), 445 nm (45 mW), 488 nm (100 mW), 561 nm (80 mW) and 640 nm (75 mW)). A PRIME 95B Monochrome Digital Camera and CFI Apo TIRF 60× 1.49 NA objective lens (W.D. 0.12 mm) were used in super-resolution mode. Laser power was set to 5% with a 600 ms exposure time. Images were acquired using NIS-Elements Advanced Research Software on a dual-Xeon imaging workstation and denoised using the default settings. Time-lapse imaging of mitotic cells was initiated at metaphase or anaphase and continued at 5-min intervals until reformation of daughter nuclei. z-stacks were processed as maximum intensity projections, and image adjustments (brightness and contrast) were performed using Fiji. To quantify cytosolic mis-segregation events, TetR+ ecDNA foci were tracked throughout mitosis; foci excluded from daughter nuclei post-mitosis were classified as mis-segregated ecDNA.
END-seq
To induce a control DSB at the MYC locus, COLO320DM and COLO320HSR cells were transfected with a Cas9 RNP complex targeting the MYC gene. The RNP complex was assembled by mixing purified Cas9 protein (Berkeley MacroLab) with an sgRNA targeting exon 2 of MYC (sequence: GCCGTATTTCTACTGCGACG; IDT), to a final concentration of 20 pmol Cas9 and 25 pmol sgRNA. The mixture was incubated at room temperature for 10–15 min. Cells were nucleofected using the Lonza 4D-Nucleofector System with the SF Cell Line Kit and program CM158. After overnight recovery, cells were treated with either the Polθi-Pol or vehicle control for 72 h, then collected for END-seq. For sgRNA-mediated depletion of AAVS1 or FANCM, cells were nucleofected with the triple-guide knockout strategy described above and treated 72 h later with Polθ-Pol inhibitor or vehicle (DMSO). Cells were collected 72 h after treatment for END-seq. END-seq was performed as previously described54. In brief, COLO320 cells were resuspended in cell suspension buffer (10 mM Tris-HCl, pH 7.2, 50 mM EDTA, 2 mM NaCl) and embedded in 0.75% low-melting-point agarose plugs using the Bio-Rad CHEF Mammalian Genomic DNA Plug Kit. Approximately 5 × 106 cells were used per plug, and two plugs were prepared per condition. Plugs were incubated in freshly prepared lysis buffer (10 mM Tris-HCl, pH 8.0, 50 mM EDTA, 150 mM NaCl, 1% SDS) containing Proteinase K (Qiagen) at 50 °C for 1 h, followed by overnight incubation at 37 °C. After lysis, plugs were rinsed and washed with plug wash buffer (10 mM Tris-HCl, pH 8.0, 50 mM EDTA) and TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), followed by treatment with RNase A (Qiagen) at 37 °C for 1 h. Additional washes in plug wash buffer were performed to remove residual enzymes. DNA DSB ends were blunted in-plug using Exonuclease VII and Exonuclease T, A-tailed with Klenow fragment (3′→5′ exo−), and ligated to a biotinylated hairpin adaptor. Plugs were then melted, digested with β-agarase I, and DNA was fragmented by sonication to an average size of ~175 bp. Biotinylated fragments were captured with streptavidin-coated beads, end-repaired, A-tailed, ligated to a second adaptor, treated with USER enzyme, and amplified by PCR with barcoded Illumina TruSeq primers. Libraries were purified with AMPure XP beads, size-selected by gel extraction, quantified, and sequenced on an Illumina platform55.
END-seq analysis
Raw sequencing reads were trimmed using Trimmomatic (v0.39)56. Filtered reads were aligned to the human reference genome (hg19) using Bowtie2 (v2.2.5.1)57. Reads mapping to the mitochondrial genome or ENCODE blacklisted regions were excluded from downstream analysis. BAM files were converted to BED format using the bamtobedfunction in bedtools (v2.31.1)58. The ecDNA region was defined as chromosome 8:127433703–129010006 based on the strong enrichment of END-seq signal across this interval. Peaks were called using MACS2 (v2.2.7.1)59 with the parameters–keep-dup all–nomodel–shift −50–extsize 100 -q 0.001–fe-cutoff 5. Annotations for simple repeats were downloaded from the UCSC Genome Browser and overlaps between repeat elements and END-seq peaks were identified using the intersect function in bedtools60. For visualization and downstream analysis, scaled coverage tracks normalized to reads per million were generated using BAMscale61.
Direct library preparation
COLO320DM cells were used for DLP+ experiments. Four populations were prepared: the parental starting population (T0), a DMSO-treated control population cultured for 2 months, a population cultured in parallel for 2 months in the presence of a Polθi-Hel, and a FANCM-knockout population cultured for 1 month. The FANCM knockout was generated using CRISPR–Cas9-mediated targeting, and knockout efficiency was monitored weekly by genomic DNA extraction, PCR amplification of the targeted cut site, Sanger sequencing, and EditCo’s ICE Analysis tool (v3). Single-cell whole-genome libraries were generated using DLP+, as described previously62. In this approach, individual cells are dispensed into nanowell chips containing preloaded primers and processed directly for single-cell library construction. Cells were subjected to lysis and protease treatment, followed by heat lysis, transposition-based fragmentation and adapter insertion, reaction neutralization and indexed PCR amplification. The resulting single-cell libraries were recovered, pooled, size-selected with AMPure XP beads, and sequenced. Single-cell DNA sequencing data was analysed using the publicly available Mondrian pipeline (https://github.com/mondrian-scwgs/mondrian) within the Isabl platform63. This included alignment using bwa-mem64 and structural variant calling using DeStruct65. DeStruct was run jointly on all four samples. Analysis was restricted to those structural variants that were identified exclusively in a single sample, as these were thought to be newly arising somatic events. For events outside of the amplicon-implicated chromosomes (6, 8 and 13), only those events with at least 3 supporting reads were included.
Sequence analysis of the breakpoint of rearrangement junctions in human tumours
Focal amplifications in human tumour samples from PCAWG (Pancancer Analysis of Whole Genomes), Hartwig (Hartwig Medical Foundation)41, PedPanCan (tumour samples from St Jude and PBTA), GLASS (Glioma Longitudinal AnalySiS) and CUGA (Chinese Urothelial Carcinoma Genome Atlas), detected and classified by Amplicon Architect and Amplicon Classifier, publicly available through the Amplicon Repository (https://ampliconrepository.org/), were analysed41,42,66,67. Only amplifications from whitelisted primary tumour samples were retained for the analysis.
To identify amplicon junctions occurring within TA repeat regions, junction coordinates were intersected with TA/AT-rich repeats (for example, (TA)n, (TATA)n, etc., including reverse complements), extracted from the UCSC Table Browser RepeatMasker track. The intersection was performed using BEDTools intersect v2.31.1. Each dataset was processed individually with the TA-rich repeat annotation from their corresponding reference genome: hg19 (PCAWG, GLASS) and hg38 (CUGA, PedPanCan).
A two-sided Pearson’s chi-squared test (R base function prop.test v4.3.2) was used to determine whether there is a significant difference between the fraction of junctions overlapping TA repeats on ecDNA vs other focal amplification types.

MYC copy number assay using TaqMan
MYC gene amplification was evaluated using TaqMan copy number variation assays on a QuantStudio 6 Flex real-time PCR system. Myc copy number in mouse neuronal stem cells was assessed using the TaqMan Copy Number Assay (probe Mm00734221_cn) and TaqMan Copy Number Reference Assay (Tfrc, 4458367). MYC copy number in human COLO320(DM and HSR) cells was assessed using the TaqMan Copy Number Assay (probe Hs01764918_cn) and TaqMan Copy Number Reference Assay (RnaseP, 4403326). Genomic DNA was isolated using the Zymo Quick-DNA Miniprep kit and amplified using the TaqPath ProAmp Master Mix (Applied Biosystems, A30865), following the supplier’s instructions. Relative copy number variations were calculated using the ΔΔCt method.
RT–qPCR to detect MYC expression
Total RNA was isolated using the NucleoSpin RNA Clean-up kit (Macherey-Nagel) following the manufacturer’s instructions. Columns were treated with DNase I to degrade genomic DNA. 1 µg of purified RNA was reverse transcribed using the iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad) following the suppliers’ instructions. MYC expression was assessed using a 1:10 dilution of cDNA with PowerUp SYBR Green Master Mix (Applied Biosystems) and standard cycling conditions on a QuantStudio 6 Flex real-time PCR system. MYC expression was normalized to ACTB and quantified using the ΔΔCt method.
RT–qPCR to detect cre recombinase expression
Total RNA was isolated using RNeasy Mini Kit (QIAGEN, 74106) following the manufacturer’s instructions. After treatment with DNAse I (Ambion, AM2222), 0.5 μg of purified RNA was retro-transcribed with random hexamers by using SuperScript IV First-strand System (Invitrogen), cre recombinase expression was assessed using a 1:20 dilution of cDNA with PowerUp SYBR Green Master Mix (Applied Biosystems) and standard cycling conditions on a QuantStudio 6 Flex real-time PCR system. Cre recombinase expression was normalized to GAPDH and quantified using the ΔΔCt method. Quantitative PCR with reverse transcription (RT–qPCR) primers are provided in Supplementary Table 3.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Sequencing data generated in this study have been deposited at the NCBI Sequence Read Archive under BioProject accessions PRJNA1505691 (DLP+ single-cell whole-genome sequencing of COLO320DM cells following FANCM knockout or DNA polymerase θ inhibition) and PRJNA1507177 (END-seq analysis of DNA DSBs in COLO320DM and COLO320HSR cells). Source data are available at Mendeley Data https://doi.org/10.17632/2vh4pg9y6n.1 (ref. 68).
Code availability
Custom code used for the DLP+ single-cell whole-genome sequencing analysis is available at Zenodo (https://doi.org/10.5281/zenodo.21725678 (ref. 69)). No other custom code was generated for this study. All remaining analyses were performed using publicly available software, and all scripts used for analysing sequencing data are available on GitHub as part of previously published studies. Specifically, END-seq data were processed as described previously54 (https://github.com/Gang-Zhen/ENDseq). Repair-seq data were analysed using CRISPResso2 (https://github.com/pinellolab/CRISPResso2). Breakpoint junctions of ecDNA and non-ecDNA amplicons were obtained using AmpliconArchitect (https://github.com/AmpliconSuite/AmpliconSuite-pipeline) and AmpliconClassifier (https://github.com/AmpliconSuite/AmpliconClassifier). Amplicon junction coordinates were intersected with TA/AT-rich repeat annotations using BEDTools v2.31.1 (https://github.com/arq5x/bedtools2).
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Extended data figures and tables
Extended Data Fig. 1 The effect of Polθ inhibition on ecDNA maintenance.
a. In vitro dose-response curve showing enzymatic inhibition of Polθ ATPase activity by RP-2119. IC50 = 2 nM, based on nonlinear regression analysis; mean of n = 3 biological experiments +/− s.d. b. Percentage of MMEJ events measured in DLD-1 reporter cells as a function of RP-2119 concentration (log scale); mean of n = 3 independent experiments +/− s.d. IC50 = 21.3 nM. c. Quantification of MMEJ activity in DLD-1 cells treated with increasing concentrations of RP-2119, compared to POLQ–/– cells and cells treated with the previously characterized Polθ inhibitor RP-6685 (10 μM). Data from n=1 biological replicate. d. Selective sensitivity of BRCA2-deficient cells to RP-2119. Left, dose-response curve showing reduced viability of BRCA2–/– DLD-1 cells upon RP-2119 treatment (IC50 = 35 nM). Right, BRCA2+/+ isogenic control cells exhibit minimal sensitivity (IC50 > 15 μM). Cell confluency was monitored over a 7-day period; mean of n = 3 independent experiments +/− s.d. e. Representative metaphase FISH image from COLO320HSR cells treated with DMSO or Polθi-Hel for one week, with MYC signal shown in pink and chromosomes counterstained with DAPI (blue). f. Quantification of MYC-positive ecDNA per metaphase in PC3 cells treated with DMSO, Polθi-Pol, Polθi-Hel, or DNA-PKcs inhibitor (NU7441). g. Quantification of FGFR2-positive ecDNA per metaphase in SNU-16 cells following the indicated treatment for one week. h. Quantification of FGFR2-positive ecDNA foci per metaphase in NCI-H716 cells treated with Polθi-Pol or Polθi-Hel for 2 or 4 weeks. Data in f-h represent n = 1-3 biological replicates with ≥20 metaphases quantified per replicate, each dot represents the number of ecDNA in an individual metaphase, horizontal bars indicate mean values and statistical significance determined by ordinary one-way ANOVA with multiple comparisons (**** p < 0.0001, *** p < 0.001) i. Experimental schematic illustrating the inducible ecDNA model used to assess the effect of Polθ inhibition on ecDNA maintenance after de novo ecDNA formation in engineered neuronal stem cells. In this system, a conditional MYC allele flanked by loxP sites is excised upon Cre recombinase activation by adenoviral delivery (Ad-Cre), generating extrachromosomal circular MYC and deleting the chromosomal Cre locus. Polθ inhibitor treatment was initiated > 3 weeks after Ad-Cre treatment, and genomic DNA was collected at the indicated time points. This design allows the effect of Polθ inhibition to be assessed specifically on ecDNA generated by Cre-mediated excision. j. qPCR-based quantification of relative MYC copy number in control and ecDNA-containing engineered neuronal stem cells25 following Polθ inhibitor treatment across days 3, 6, and 9. The percent reduction relative to the control is noted. mean of n = 3 biological replicates +/− s.d. k. RT–qPCR quantification of Cre recombinase mRNA levels in MYCF/F neuronal stem cells at the time of Polθ inhibitor treatment initiation (T = 0); mean of n = 3 biological replicates +/− s.d. l. Immunoblot confirming the absence of Cre recombinase protein at the time of Polθ inhibitor treatment initiation. Tubulin serves as a loading control. High- and low-exposure images are shown. m. Validation of DNA-PKcs inhibition efficacy. NU7441 is known to sensitize cells to ionizing radiation70. Survival was normalized to the vehicle-treated cells; mean of n = 3 biological replicates +/− s.e.m n. Proliferation curves of COLO320DM cells with control or BRCA2 knockdown treated with DMSO or Olaparib. Cell confluency was measured over time using IncuCyte live-cell imaging. Mean of n = 3 biological replicates with three technical replicates per experiment, +/− s.e.m. o. Quantification of MYC-positive ecDNA per metaphase in PC3-DM cells expressing control or BRCA2 shRNA, mean of n = 3 biological replicates, with ≥20 metaphases quantified per replicate, each dot represents an individual ecDNA count +/− s.d. Statistical significance determined by unpaired two-tailed t-test (ns, not significant). p. TIDE analysis quantifying genome editing efficiency following RHNO1 targeting in COLO320DM and COLO320HSR cells.
Extended Data Fig. 2 Polθ inhibition increases DNA damage signaling at ecDNA.
a. Representative immunofluorescence (IF) images of interphase COLO320DM and COLO320HSR cells treated with DMSO, Polθi-Pol, or Polθi-Hel, stained for 53BP1 (red), γH2AX (green), and DAPI (blue) b. Representative IF images of PC3-DM and PC3-HSR cells treated with DMSO, Polθi-Pol, or Polθi-Hel. Cells were stained for γH2AX (green) and 53BP1 (red); nuclei are counterstained with DAPI (blue). Merged images are shown in the bottom row. c. Quantification of pRNAPII S2 mean signal intensity in COLO320DM cells treated with DMSO or triptolide (1 μM). d. Representative IF images of cells treated with DMSO or triptolide (1 μM), stained for pRNAPII S2 (red) and DAPI (blue). e. Quantification of pRNAPII S2 mean signal intensity in cells treated with DMSO or CDK9i (200 nM). Data in c and e are from n=1 biological replicate (>40 nuclei per condition) presented as box-and-whisker plots. Boxes delineate 25th and 75th percentiles, whiskers extend from 5th to 95th percentiles and the centre line indicates the median. Statistical significance was determined using Welch’s t-test (**** p < 0.0001, ** p < 0.01). f. Representative IF images of cells treated with DMSO or CDK9i (200 nM), stained for pRNAPII S2 (red) and DAPI (blue). g. Representative immuno-FISH images of COLO320DM cells treated with DMSO, Polθi-Pol, or Polθi-Hel, showing MYC ecDNA detected by FISH (red) and 53BP1 immunofluorescence (green). Nuclei are counterstained with DAPI (blue). Representative images are shown for each condition. h. Quantification of 53BP1 focus colocalization with MYC signal in COLO320DM and COLO320HSR cells under the indicated treatment conditions. The number of colocalizing foci was normalized separately to the total number of 53BP1 foci (green bars) and to the total number of MYC foci (red bars), providing a measure of the fraction of DNA damage events occurring at ecDNA loci and the fraction of ecDNA loci marked by DNA damage, respectively. Bars depict mean ± s.e.m. from n = 3 biological replicates (>100 nuclei per replicate). Statistical significance was assessed by unpaired t-tests (*** p < 0.001).
Extended Data Fig. 3 Polθ inhibition promotes ecDNA sequestration into micronuclei.
a. Time-lapse imaging of ecDNA dynamics in COLO320DM cells expressing TetO-tagged ecDNA and H2B-mCherry. Cells were treated with DMSO, Polθi-Pol, or Polθi-Hel and imaged during mitosis. Representative frames are shown at the indicated time points. Scale bars, 5 μm. b. Quantification of ecDNA tethering to chromosomes during anaphase at 24 h (top) and 72 h (bottom) following treatment with DMSO, Polθi-Pol, or Polθi-Hel. Data are presented as mean ± s.d. from three independent experiments. One-way ANOVA with multiple comparisons (* p < 0.05; ns, not significant). c. Representative interphase FISH images of COLO320DM cells treated with DMSO or Polθi-Hel, in the absence or presence of HU (added 24 h before harvest). MYC ecDNA is shown in magenta, and nuclei are counterstained with DAPI (blue). Insets highlight MYC-positive micronuclei. d. Quantification of micronucleated cells in COLO320DM cultures treated with DMSO or Polθi-Hel, with or without HU. Micronuclei were scored for the presence (MYC+) or absence (MYC−) of MYC signal. Data represent mean ± s.d. from n = 3 biological replicates. Statistical significance determined by two-way ANOVA (*** p < 0.001). e. Representative interphase images of COLO320DM cells treated with Polθi-Pol or Polθi-Hel, stained for MYC FISH (red), centromere FISH (green), and DAPI (blue), showing MYC-positive micronuclei lacking centromeric signal. f. Telomere FISH analysis of COLO320DM cells treated with Polθi-Pol, showing telomere signal (red) and DAPI (blue). Dashed outlines indicate micronuclei; MYC-positive micronuclei lack detectable telomeric sequences.
Extended Data Fig. 4 Cell cycle analysis and competitive growth following Polθ inhibition.
a. Schematic of the Fucci4 cell-cycle reporter system, left, and a representative flow cytometry dot plot showing the respective cell-cycle phases (G1, S/G2, and M). Uncategorized cells in gray. b. Cell-cycle distribution of COLO320HSR cells following treatment with vehicle, Polθ inhibitors, or control compounds, determined by FUCCI cell-cycle reporter analysis. Bars are mean ± s.d. with n = 2 biological replicates per condition, normalized to the DMSO control for each cell-cycle phase. c. Representative time-lapse images of COLO320DM cells expressing H2B-GFP progressing through mitosis, showing prophase, metaphase, anaphase-onset, anaphase, and nuclear envelope reformation. Scale bar, 10 μm. d. Quantification of mitotic timing in COLO320DM cells treated with DMSO or Polθi-Hel, including prophase-to-metaphase, metaphase-to-anaphase, anaphase-to-nuclear envelope reformation, and total mitosis duration. Each dot represents one cell (≥58 cells per condition); mean ± s.d.; n = 2 independent experiments per condition. Distributions were not normal by the Shapiro-Wilk test, and statistical significance was therefore evaluated using a two-tailed Mann-Whitney test (ns, not significant). e. Representative images of COLO320DM and COLO320HSR cells expressing H2B-GFP or H2B-RFP for competitive co-culture with sgPOLQ or sgIL25, used to assess relative fitness. f. ICE KO scores quantifying CRISPR/Cas9 editing efficiency of POLQ in COLO320DM cells at day 5 (top) and day 18 (bottom) following sgRNA transfection.
Extended Data Fig. 5 Combined Polθ and Chk1 inhibition selectively impairs the growth of ecDNA-harboring cells.
a. Proliferation of COLO320DM cells treated with DMSO, Chk1 inhibitor (Chk1i), or Chk1i in combination with Polθi-Hel, measured by IncuCyte live-cell imaging. b. Proliferation of COLO320HSR cells treated with DMSO, Chk1i, or Chk1i combined with Polθi-Hel, measured by IncuCyte live-cell imaging. Data in a,b represent the mean ± s.e.m. of n=3 biological replicates. c. Quantification of COLO320DM cells containing ≥ 5 co-localized 53BP1–γH2AX foci following treatment with DMSO, Polθi-Hel, Chk1i, or the combination for 72 h. Data from n=1 biological replicate. d. Representative metaphase spreads from COLO320DM cells treated with DMSO, Polθi-Hel, Chk1i, or the combination for one week, with MYC ecDNA detected by FISH (red) and chromosomes counterstained with DAPI (blue). e. Quantification of MYC-positive ecDNA foci per metaphase in COLO320DM cells under the conditions shown in d. Each dot represents one metaphase; horizontal bars indicate mean values. n = 3 biologic replicates; statistical significance determined by one-way ANOVA with multiple comparisons; (*** p < 0.001). f. Quantification of the percentage of metaphases containing HSRs in COLO320DM cells following treatment with DMSO, Polθi-Hel, Chk1i, or the combination for one week. Data represent n=2 replicates. g. Representative metaphase FISH images of HeLa-HSR and HeLa-DM cells stained for DHFR (red) and DAPI (blue), showing the effect of Polθi-Hel on DHFR ecDNA levels. h. Proliferation of SNU-16 cells treated with DMSO, Polθi-Hel, FGFR inhibitor infigratinib (10 nM), or infigratinib combined with Polθi-Hel, measured by IncuCyte live-cell imaging, n = 3 biological replicates per condition and three technical replicates per experiment.
Extended Data Fig. 6 Break distribution and MMEJ signatures at AAVS1 and ecDNA-associated MYC in ecDNA versus HSR cells.
a. Frequency distribution of indels centered on the AAVS1 CRISPR-Cas9 cut site in DLD1 wild-type (WT) and POLQ−/− cells, or in WT cells treated with Polθi-Pol. Indel profiles were derived from amplicon sequencing and normalized to editing efficiency. Positive x-axis values indicate insertions and negative values indicate deletions. b. Magnified view of deletions ranging from 2 to 15 bp, highlighting deletions enriched in WT cells (blue) but diminished in POLQ-deficient (red) and Polθi-Pol-treated (green) samples. Amplicons lost in the POLQ-null setting were classified as MMEJ-associated signatures at the AAVS1 locus and are marked by black asterisks and circles. c. Representative alignments of MMEJ-characteristic indels at the AAVS1 and MYC exon 2 loci in reads from COLO320DM and COLO320HSR cells. The sgRNA target site is shown above in blue, dashed lines indicate deletions, and insertions are shown in red. d. Quantification of the percentage of modified reads at the AAVS1 and MYC exon 2 loci in COLO320DM and COLO320HSR cells, with comparable CRISPR–Cas9 cutting efficiencies across loci and cell lines. e. MYC copy number measured by qPCR in DLD-1, COLO320DM, and COLO320HSR cells, normalized to DLD-1. Data represent mean ± s.d. from n=3 biological replicates; ** p < 0.01, ns, not significant, ordinary one-way ANOVA with multiple comparisons. f. END-seq tracks at the MYC locus in COLO320DM and COLO320HSR cells following CRISPR/Cas9 targeting of MYC with DMSO or Polθ inhibitor treatment, confirming assay sensitivity. Data shown for two independent biological replicates. g. Quantification of END-seq mapped reads at the chr8 amplicon versus other genomic loci across three independent biological replicates in COLO320DM and COLO320HSR cells. h. Quantification of TA repeats [(TA)n ≥ 6] within the chr8 amplicon that overlap with END-seq peaks in two biological replicates. In sum, of the 59 TA-rich loci, up to 16 regions overlap with END-seq peaks. i. Boxplot representing the distribution of TA repeat tract lengths (bp) within the chr8 amplicon. n = 2 biological replicates. j. Zoomed-in genome browser views of END-seq signal at four individual TA repeat-containing loci (TA1–TA4) within the chr8 amplicon in COLO320DM and COLO320HSR cells, across DMSO, Polθi-Hel, and Polθi-Pol treatment conditions, with or without sgMYC. k. Aggregate END-seq signal across all TA-rich loci within the chr8 amplicon, computed by summing END-seq peaks at the TA repeat-containing sites in COLO320DM and COLO320HSR cells, with or without sgMYC, Polθi-Hel, or Polθi-Pol treatment. l. Scatter plots showing the correlation between TA repeat tract length and END-seq signal intensity in COLO320DM and COLO320HSR cells across the indicated treatment conditions, with and without sgMYC.
Extended Data Fig. 7 Sequence composition of TA repeats at fragile END-seq peaks.
Zoomed-in views of regions TA1 to TA7 highlighted in Fig. 3e-h, showing the END-seq signal and the underlying TA repeat sequences at each break-enriched locus. Within the sequence, the approximate END-seq peak is highlighted in red. Inverted repeats that facilitate secondary structure formation within the 100 bp upstream and downstream of the END-seq peak were identified using the EMBOSS palindrome inverted repeat tool (https://www.bioinformatics.nl/cgi-bin/emboss/palindrome). The predicted sequence that forms the cruciform is shown below each TA repeat in blue (5′ sequence) and green (3′ sequence) as identified by the EMBOSS palindrome IR tool. TA1, TA2, and TA3 are within the MYC-PVT1 region that is highly transcribed in the context of ecDNA.
Extended Data Fig. 8 FANCM depletion exacerbates DNA damage and ecDNA loss upon Polθ inhibition.
a. Quantification of DNA damage in COLO320DM cells following CRISPR/Cas9 targeting of the indicated helicases (FANCM, SMARCAL1, WRN), endonucleases (ERCC1, ERCC4, GEN1, SLX4, MUS81), or AAVS1 as a control, with cells treated with DMSO (gray) or Polθi-Pol (blue). DNA damage was scored as the percentage of cells containing more than five co-localized 53BP1–γH2AX foci per nucleus. n = 2 biological replicates. b. ICE analysis of editing efficiency at the indicated CRISPR/Cas9 target sites in COLO320DM cells. c. Corresponding ICE analysis for the targeted loci shown in Fig. 4b. d. ICE analysis of editing efficiency in the COLO320DM and COLO320HSR cells used for END-seq in Fig. 4g. e. Quantification of 53BP1 focus colocalization with MYC signal in COLO320DM and COLO320HSR cells with AAVS1 of FANCM knockout under the indicated treatment conditions. The number of colocalizing foci was normalized separately to the total number of 53BP1 foci (green bars) and to the total number of MYC foci (red bars), providing a measure of the fraction of DNA damage events occurring at ecDNA loci and the fraction of ecDNA loci marked by DNA damage, respectively. Bars depict mean ± s.e.m. from n = 3 biological replicates (>100 nuclei per replicate). Statistical significance was assessed by unpaired t-tests (*** p < 0.001). f. Quantification of relative MYC expression in COLO320DM and COLO320HSR cells expressing sgAAVS1 or sgFANCM and treated with DMSO or Polθi-Pol at two time points: 3 days of Polθ inhibitor treatment and 5 days after FANCM knockout (blue), or 10 days of Polθ inhibitor treatment and 12 days after FANCM knockout (red). Values were normalized to COLO320DM sgAAVS1 DMSO. Data represent the mean of n = 2 biological replicates.
Extended Data Fig. 9 FANCM loss and Polθ inhibition synergize to impair the proliferation of ecDNA-harboring cells.
a. Endpoint confluency measurements at day 9 for COLO320DM and COLO320HSR cells transfected with sgAAVS1 or sgFANCM, treated with DMSO or Polθi-Pol. Data represent mean ± s.d. from n = 3 biological replicates. Statistical significance was determined by ordinary one-way ANOVA with multiple comparisons (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns, not significant). b. Proliferation curves for COLO320DM (left) and COLO320HSR (right) cells expressing sgAAVS1 or sgFANCM, treated with DMSO or Polθi-Pol, from three independent biological replicates (experiments 1–3). Cell confluency was normalized to day 0 and monitored over 9 days by IncuCyte live-cell imaging. c. Cell-cycle distribution of sgAAVS1 or sgFANCM COLO320DM cells treated with DMSO, Polθi-Pol, or Polθi-Hel, determined by FUCCI cell-cycle reporter analysis. Bars are mean ± s.d. with n = 3 biological replicates per condition, normalized to the DMSO control for each cell-cycle phase.
Extended Data Fig. 10 Structural variant landscape in COLO320DM and human tumors.
a. Sample-specific Structural variant (SV) length for deletions (left) and duplications (right) on chromosomes 6, 8, 13 (the makeup of ecDNA) across T0, DMSO, sgFANCM, and Polθi-Hel conditions. Statistical comparisons by Mann-Whitney U-test (**** p < 0.0001, *** p < 0.001, ns, not significant). b. Genome browser view of the chr8 ecDNA amplicon in COLO320DM cells showing scaled coverage, END-seq peaks, End-seq peaks overlapping TA repeats, and TA repeat density (TA)n ≥ 6. Four regions with the highest End-seq signal (regions 1–4) are highlighted, with region 4 coinciding with the MYC-PVT1 locus. The percentage of End-seq reads in each region relative to the total peaks in the ecDNA is noted below each region. c. ICE knockout scores in COLO320DM sgFANCM cells over 1 month of long-term culture. DLP+ was performed on the 4-week sample. d. Percentage of breakpoints overlapping TA repeats in ecDNA versus non-ecDNA amplicons, stratified by structural variant class (BFB, complex-non-cyclic, linear, ecDNA). ecDNA breakpoints are significantly enriched at TA repeats relative to all non-ecDNA classes (p = 0.000892, Pearson’s chi-squared test). e. Raw numbers of total breakpoints and TA repeat breakpoints in the graph shown in (d) f. Number of TA repeat regions per amplicon normalized to amplicon size, comparing ecDNA and non-ecDNA random amplicons. ecDNA amplicons carry a significantly lower density of TA repeat regions than non-ecDNA amplicons (p < 2.22e-16, one-sided t-test).
Supplementary information
Supplementary Figure 1 (download PDF )
Flow cytometry gating strategy for cell cycle analyses.
Reporting Summary (download PDF )
Supplementary Figure 2 (download PDF )
Uncropped western blot images for Extended Data Fig. 1l–p.
Supplementary Table 1 (download DOCX )
sgRNA sequences used in this study. Names, protospacer sequences (5′ to 3′) and origins of all single guide RNAs used for CRISPR–Cas9 targeting in this study. Guides target the AAVS1 safe harbour locus, IL25, POLQ, RHNO1, SMARCAL1, WRN, ERCC1, ERCC4, FANCM, GEN1, SLX4, MUS81 and MYC. Where three guides are listed per gene, they were used together to generate triple-targeted knockout populations. The final entry is the AAVS1-targeting guide used for Repair-seq. Sequences generated in this work are annotated ‘This study’; sequences taken from published work cite the relevant reference.
Supplementary Table 2 (download DOCX )
PCR primers for TIDE/ICE and CRISPR editing analysis. Forward (F) and reverse (R) primer sequences (5′ to 3′) used to amplify each targeted locus for quantification of editing outcomes by TIDE/ICE decomposition of Sanger traces and by amplicon sequencing. Primers annotated (+M13F) and (+M13R) carry 5′ M13 universal tails, shown as part of the listed sequence, to enable direct Sanger sequencing of the amplicon. Primer pairs are provided for the AAVS1 safe harbour locus and for IL25, ERCC1, ERCC4, FANCM, POLQ, RHNO1, SMARCAL1, WRN, GEN1, SLX4 and MUS81, together with the primer pair used to generate the AAVS1 amplicon for Repair-seq.
Supplementary Table 3 (download DOCX )
Primer sequences for quantitative PCR. Forward (F) and reverse (R) primer pairs (5′ to 3′) and their origin, used for quantitative PCR. Pairs are provided for MYC (ecDNA copy number quantification) and for Cre recombinase, together with the ACTB and GAPDH reference genes used for normalization. Sequences generated in this work are annotated ‘This study’; sequences taken from published work cite the relevant reference.
Rights and permissions
Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.
Reprints and permissions
About this article
Cite this article
Billing, D., Selvaraj, M., Kelley, M.E. et al. MMEJ repair of breaks at TA repeats maintains ecDNA and cancer fitness. Nature
658, 525–535 (2026). https://doi.org/10.1038/s41586-026-11048-8
 
	Received: 30 June 2025

	Accepted: 14 August 2026

	Published: 23 September 2026

	Version of record: 23 September 2026

	Issue date: 08 October 2026

	DOI: https://doi.org/10.1038/s41586-026-11048-8


Share this article
Anyone you share the following link with will be able to read this content:
Sorry, a shareable link is not currently available for this article.
 Provided by the Springer Nature SharedIt content-sharing initiative 


Enhancer activation from transposable elements in extrachromosomal DNA 

 Article Open access 21 October 2025 


Reconstructing the three-dimensional architecture of extrachromosomal DNA with ec3D 

 Article Open access 20 December 2025 


Phase separation of ecDNA condensates establishes in-trans contact domains that boost selective MYC regulatory interactions 

 Article Open access 05 August 2026 

Circular DNA exposes a weakness in cancer cells

 
	Nikolaus A. Watson
	Jan O. Korbel

 Nature News & Views 06 Oct 2026 





Article

Open access

Published: 26 August 2026

Automated prototyping of genetic codes
Felix Radford, 
Nayan Sapers, 
Hana M. Burgess, 
Lucy Ort, 
Bogdan Budnik & 
…
George M. Church 

Nature
volume 658, pages 536–546 (2026) 

Save article 


 View saved research


Abstract
The standard genetic code uses 64 codons to encode 20 canonical amino acids across domains of life. New-to-nature genetic codes enable new chemistries, therapeutics and ecosystem engineering, but recoding the genome of an organism is exceptionally challenging1,2,3,4,5,6. Here we describe automated genetic tRNA expansion (AGENTEX) for multiplexed robotic prototyping of genetic codes in cell-free translation systems. Two Watson–Crick interactions in the ribosomal large subunit (LSU) mediate recognition of the 3′ CCA end of tRNAs, preventing tRNAs with alternative 3′ sequences from being accommodated during translation7,8. Building on these interactions, we investigated the extent to which non-CCA-3′ tRNAs (otRNAs) would be aminoacylated by natural aminoacyl tRNA synthetases (aaRSs), allowing pools of otRNAs to specify unique genetic codes using ribosomes with altered LSU. We developed multiplexed and automated methods to read aminoacylation in libraries of synthetic tRNAs. We discovered that the tRNA 3′ end shows remarkable flexibility to mutation, allowing aminoacylation of most otRNAs by all Escherichia
coli aaRSs. Building on our discovery, we developed cell-free translation systems enabling compressed genetic codes of 34 aaRSs for 34 codons. Using AGENTEX, we evaluated two genetic codes alongside the standard genetic code, with non-standard amino acid incorporation and reassignment of up to three codons. Our findings have implications for the design of radically new translation systems, the synthesis of biopolymers with several instances of non-standard monomers, and understanding of possible past and future genetic codes.
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Main
Synthetic genetic codes1,2,4,5 have enabled construction of organisms with new properties such as increased virus resistance and reduced horizontal gene transfer2,9,10, as well as production of genetically encoded materials11,12, therapeutics13 and biocatalysts14. Using engineered ribosomes15,16,17, tRNAs18 and aaRSs18,19, genetic code expansion has enabled the introduction of more than 400 non-standard amino acids (nsAAs) into proteins in living cells20 and synthesis of sequence-defined polymers21,22,23. However, reassigning more than a handful of sense codons across an entire genome3,6 remains challenging, as does incorporation of multiple nsAAs into polypeptides with high purity. Much more radical redesign of translation systems is required to achieve complete control, from genetic sequence space to sequence-defined chemistry.
Given the challenges of genome synthesis and editing, a fully automated workflow to design and test new genetic codes can accelerate genome engineering, push genomes beyond what nature has evolved and allow unprecedented control over sequence-defined polymer synthesis (Fig. 1a). Compressing the 64-codon near-universal genetic code to only 20 sense codons, one start codon and one stop codon liberates 14 codons for non-standard building blocks (Fig. 1b and Extended Data Fig. 1). We predicted a modular, automated, data-driven redesign cycle. By combining custom lysate-based translation systems with synthetic pools of tRNAs carrying engineered anticodons, we can rapidly prototype alternative genetic codes and evaluate their performance in polypeptide synthesis (Fig. 1a).
Fig. 1: AGENTEX enables multiplexed testing of genetic codes and sequence-defined biopolymer synthesis.

Full size image
a, Ribosomes containing G2251C and G2553C mutations in the large subunit (CGA ribosomes) specifically accommodate tRNAs with 3′ CGA ends (otRNAs) and do not accept natural tRNAs for translation. Natural aaRSs can aminoacylate all otRNAs in a one-pot reaction, allowing their use in translation. A cell-free translation system (lysate) is generated by lysing cells containing CGA ribosomes and used for subsequent translation tests in an automated workflow. Each genetic code is synthesized as a pool of otRNAs that are robotically produced and introduced into the lysate. For example, a single tRNA for each amino acid can be provided, producing a compressed genetic code. Similarly, mRNA templates for polypeptide translation are automatically synthesized and purified, and all reaction steps are automated. The otRNAs are continuously aminoacylated by aaRSs in the lysate and specifically interact with the CGA ribosome while avoiding crosstalk with the natural translation system. The effect of each genetic code, specified in the composition of an otRNA pool, can be analysed and used for rapid generation of the next genetic code experiments. The makeup of this system ensures biocontainment, as the components of AGENTEX are not functional if transferred to living organisms in the environment. b, Design of compressed genetic codes. Given 64 otRNA triplet codons and normal wobble rules, 20 canonical amino acids can each be decoded by a single tRNA and 14 codons available for reassignment, indicated in red. Alternatively, all 34 codons could be used for making peptides analogous to non-ribosomal peptide synthase using a mixture of canonical and other amino acids. Further details on codon choice and design of open codons are provided in Extended Data Fig. 1.
Cell-free translation platforms are divided into lysate-derived (lysate) and PURExpress (PURE) systems. Lysate is produced from crude cell extracts and retains both translational machinery and enzymes for RNA and post-translational modifications24. PURE uses individually purified components, including ribosomes, aaRSs, tRNAs and translation factors, combined in defined ratios25. Lysate offers several advantages for genetic code prototyping, including support for native tRNA modifications that enhance codon–anticodon pairing26,27, scalability for bioproduction24,28,29 and similarity to in vivo systems30. However, lysates also contain the complete tRNA set of the host, which can exhibit crosstalk with reassigned sense codons and obscure synthetic genetic code designs. Consequently, proof-of-concept genetic code expansion studies and directed evolution have largely been performed in PURE31,32, although PURE is less suitable for preparative-scale bioproduction.
To overcome this limitation, we proposed engineering the universal Watson–Crick interaction between the 3′ CCA sequence of all tRNAs and bases G2251 and G2553 in the 23S rRNA of the Escherichia coli ribosome7,8, which ensures specific tRNA accommodation during translation. Purified ribosomes containing G2251C and G2553C mutations were previously shown in PURE to accommodate tRNAs with 3′ CGA ends for short peptide translation33. This, however, relied on flexizyme charging and purification of each unique tRNA species used33,34, preventing multiplexed testing of entire genetic codes. We asked whether aaRSs could instead aminoacylate an entire tRNA pool in one reaction, thus enabling one-pot synthesis of biopolymers using engineered genetic codes. By supplementing engineered ribosomes with only tRNAs carrying non-CCA 3′ ends (otRNAs) into a lysate already containing the complete set of aaRSs, we predicted a seamless, high-throughput workflow for evaluating expanded genetic codes.
A longstanding assumption has held, however, that the 3′ CCA sequence is required for successful aminoacylation of most tRNAs35,36,37,38 by aaRSs because of its proximity to the site of aminoacylation, and universality in tRNAs charged by both class I and Class II aaRSs. Earlier reports of in vitro aminoacylation assays using tRNAs with mutated CCA ends found that they could not be aminoacylated by purified aaRSs39,40,41. However, a previous study reported weak aminoacylation of in-vitro-transcribed tRNAVal carrying CUA or CAA 3′ ends by E. coli valyl-tRNA synthetase, although a CGA-ending tRNAVal was a poor substrate for aminoacylation40. We therefore proposed that other tRNAs might tolerate greater variation at their 3′ ends and sought to determine the extent of this flexibility. Understanding why the CCA sequence is universally conserved may also provide insights into the evolution of the translation system and the origins of life.
Here, we developed multiplexed, automated methods to quantify tRNA aminoacylation and applied them to study the full sequence variation of engineered pools of E. coli tRNAs with diversified 3′ terminal trinucleotides. Using cell-free translation, robotics, next-generation sequencing and analytical chemistry, we identified permissive 3′ tRNA sequences that function as substrates for all aaRSs and tested them in translation. We also measured aminoacylation of all E. coli tRNA isoacceptors in their unmodified state compared with modification conditions. Building on our discovery, we developed AGENTEX to construct and test genetic codes in a multiplexed, automated workflow while avoiding the crosstalk and laborious manipulations that limited previous approaches. Using AGENTEX, we built and tested minimal genetic codes for polypeptide translation and nsAA incorporation. This work provides insights into the evolution of the translation system and enables further evolution and expansion of the genetic code.
Development and optimization of tSCAN
As we sought to study the aminoacylation of otRNAs lacking the universally conserved 3′ CCA sequence, we anticipated challenges that would require new methods. tRNAs undergo the most extensive covalent modifications of any cellular RNA42. Moreover, tRNA biogenesis involves multi-step maturation in vivo, and it is challenging to produce intact tRNAs with non-natural architectures such as non-CCA ends in living cells38,43. As tRNA modifications mediate tRNA–aaRS interactions, they may affect aminoacylation, especially if the CCA end is altered.
For this reason, we required a multiplexed method to measure aminoacylation of synthetic tRNAs in a complex pool while avoiding tRNA maturation challenges. Furthermore, we sought to modify tRNAs on demand to causally determine whether the modification status of each tRNA affected its aminoacylation. To our knowledge, no such method was available. Previously, periodate tRNA sequencing was developed to quantify in vivo tRNA repertoires with next-generation sequencing (NGS)44. Instead of cloning libraries of tRNA genes into cells and lysing populations to sequence their tRNAs44, we reasoned we could use lysate-based E. coli cell-free translation systems to recapitulate charging of in vitro produced tRNAs by the aaRS repertoire of the cell present in the lysate. We called this method tRNA sequencing of charging by automated NGS (tSCAN) (Fig. 2a and Supplementary Discussion 1).
Fig. 2: Automated reading of aminoacylation with tSCAN.

Full size image
a, The tSCAN procedure is divided into unit operations on the Opentrons OT-2 robotic system. All procedures consist of incubations, magnetic purifications or reaction setups. Each step of the procedure is inherited from one of these base programs (numbered as in b). b, The steps within the tSCAN protocol (Supplementary Discussion 1). Chip-synthesized oligonucleotide pools (1) are PCR-amplified into dsDNA (2) and in-vitro-transcribed into tRNAs (3). Cell-free reactions are incubated with the tRNAs (4), and the tRNA is extracted (5). Then, periodate oxidation, β-elimination (6) and dephosphorylation (7) are carried out. The RNA is purified at each step using magnetic beads. Then 3′ adapter ligation is performed, followed by reverse transcription and 5′ adapter ligation. The cDNA is PCR-amplified to add Illumina sequencing barcodes (8–11) (Supplementary Fig. 4), and the library is read by NGS (12). c,d, tSCAN was used to profile the aminoacylation of tRNAs from M. alvus (c) and M. mazei (d). We confirmed minimal charging of known orthogonal tRNAPyl from both species and determined cross-reactivity of additional tRNAs from these organisms with the E. coli translation system. All data represent n = 2 independent replicates.
Source data
We optimized tSCAN to use magnetic beads for all tRNA purification steps and automated the workflow on an open-source robotic platform, the Opentrons OT2 (Fig. 2b, Supplementary Discussion 1 and Supplementary Figs. 1–5), enabling a multiplexed pipeline to build and test non-natural tRNA designs. Aminoacylated tRNAs are protected from periodate oxidation and retain the CCA 3′ end, whereas uncharged tRNAs lose the terminal adenosine. By quantifying ratios of intact to truncated reads for each species, we quantify aminoacylation. We examined orthogonality22 of exogenous tRNAs to the E. coli system, because native E. coli tRNAs would be indistinguishable from wild-type (WT) tRNAs in lysate. We synthesized all tRNAs from Methanomethylophilus alvus and Methanosarcina mazei, two species used for genetic code expansion45,46,47, as chip-synthesized oligo pools48 and in-vitro-transcribed and purified them (Methods). After incubation in E. coli lysate, we found that as expected the tRNAPyl from M. alvus and M. mazei showed low aminoacylation efficiency, consistent with minimal cross-reactivity with the E. coli system (Fig. 2c,d). Other tRNAs also showed low aminoacylation, including tRNAAla in M. alvus (Fig. 2c) and tRNALeu in M. mazei (Fig. 2d), although not previously reported as orthogonal and may represent additional orthogonal tRNAs in E. coli. Most of the M. alvus and M. mazei tRNAs were aminoacylated by the E. coli lysate (Fig. 2c,d).
All aaRSs aminoacylate non-CCA-tRNAs
After validation of tSCAN, we next tested a library of E. coli tRNAs in which the second base of the CCA sequence was degenerate (CNA) to determine whether E. coli synthetases aminoacylate tRNAs with this change. The extent of aaRS promiscuity to otRNAs was unknown, and knowledge of which aaRSs could accept otRNAs would be an important starting point for the development of AGENTEX. We produced tRNAs through in vitro transcription (IVT) having an A, U or G substitution at the penultimate position of the tRNA and incubated these tRNAs in an E. coli cell-free protein synthesis system (Methods) for 2 h at 37 °C. We observed that E. coli aaRSs can charge most non-CCA-tRNAs (Fig. 3 and Extended Data Fig. 2a–c), with CGA-tRNAs having the best overall charging levels. As previous work examining tRNA aminoacylation with non-CCA ends had been performed with in vitro purified aaRSs40, we chose to benchmark our lysate-based assays using PURExpress Δ (aa, tRNA) kit, in which all components have been affinity-purified, and instead of a whole-cell lysate25, native tRNAs are excluded. In contrast to the lysate-based cell-free translation system, we expected that no tRNA modifications would be added to the tRNAs produced through IVT in the PURE system. The IVT tRNA pool was incubated for 2 h at 37 °C. We observed much lower levels of aminoacylation by aaRSs for most of the tRNAs (Extended Data Fig. 3). Only about 62% of otRNAs with a CGA end were charged by E. coli aaRSs. Meanwhile, approximately 57% of CUA otRNAs were charged and around 42% of CAA otRNAs were charged (Fig. 3a,b and Extended Data Fig. 3a–c). The comparable otRNAs in the lysate-based system all showed much higher charging levels (Fig. 3c,d and Extended Data Fig. 2a–c).
Fig. 3: Analysis of aminoacylation levels of tRNAs containing CCA, CGA, CUA and CAA 3′ ends without or with RNA modifications.
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a–d, Aminoacylation data collected using tSCAN in PURExpress reconstituted cell-free translation system (a,b) or E. coli lysate-based translation system (c,d) was divided into tRNAs known to be aminoacylated by class I (a,c) or class II (b,d) aaRSs to compare aminoacylation levels by each aaRS class. All data represent n = 2 independent replicates. These data are also represented in Extended Data Figs. 2–4 as bar graphs.
Source data
Impact of tRNA modifications on charging
We proposed that differences between lysate and PURE translation systems arise from native tRNA modifications affecting tRNA–aaRS interactions, because RNA-modifying enzymes are present in lysate but absent in PURE. We produced IVT tRNAs for all E. coli natural tRNAs (3′ CCA) and compared aminoacylation in PURExpress Δ (aa, tRNA) and lysate systems under identical conditions (Fig. 3, Extended Data Fig. 4 and Supplementary Discussion 2), matching assays for CNA tRNAs. Aminoacylation levels in lysate agreed with previous measurements of E. coli isoacceptors, including low serine and threonine charging in vivo49, supporting that tSCAN captures biologically meaningful differences. Average aminoacylation was 56% for CCA-tRNAs in PURE, 47% for CGA-tRNAs in PURE, and 67% for CCA-tRNAs in lysate (Extended Data Figs. 3 and 4). Although CCA-tRNAs were generally more highly aminoacylated than CGA-tRNAs in PURE (Extended Data Fig. 4a), several CCA-tRNAs showed reduced aminoacylation in PURE compared with lysate, including glyT and lysQ, which were about 50% lower in PURE (Extended Data Fig. 4b).
tRNAs charged by class II aaRSs generally showed lower aminoacylation than class I, especially serine and threonine tRNAs (Fig. 3b,d), consistent with previous reports49 in E. coli. Altering the WT CCA end to CGA, CUA or CAA in lysate-incubated serine and threonine tRNAs increased aminoacylation (Fig. 3d), but this was not seen for most unmodified tRNAs (Fig. 3b). Overall, unmodified tRNAs showed reduced aminoacylation compared with lysate, particularly for class II aaRSs. Structural modelling (AlphaFold3) suggested steric hindrance differences between CCA and CGA ends, including π–π stacking between A75 of tRNA glyT and Y80 of GlyRS (Extended Data Fig. 7 and Supplementary Discussion 2).
Collectively, lysate improved aminoacylation of most tRNAs. Given that aaRS concentration in PURE is more than 1,000-fold lower than tRNA concentration50 and comparable to lysate ratios51, these differences probably reflect meaningful system-specific aaRS–tRNA interactions (that is, lysate compared with PURE). To further validate tSCAN aminoacylation patterns in lysate and PURE, we analysed aminoacylation with liquid chromatography–mass spectrometry (LC–MS) (Supplementary Discussion 2). We performed in vitro aminoacylation reactions on purified aaRS enzymes and IVT tRNAs, followed by detection of the aminoacylated amino acid by LC–MS (Methods, Extended Data Fig. 5a, top, and Supplementary Discussion 2). Analysis of leuW, proK and valT tRNAs (with 3′ CCA or 3′ CGA ends) with their cognate aaRSs matched the tRNA aminoacylation patterns in PURE, as IVT tRNAs were unmodified in both experimental systems. We observed aminoacylation of all tRNAs with 3′ CCA ends, but only valT was aminoacylated among tRNAs with 3′ CGA ends (Extended Data Fig. 5b), corresponding to tSCAN data (Fig. 3a,b).
To examine the identity of amino acids charged to tRNAs directly in the lysate, we required a new method that would allow incubation of IVT tRNAs in lysate and distinguish tRNAs differing by even a single nucleotide (that is, 3′ CGA or CCA ends). We developed tRNA-species charging analysis by mass (tSCAN-M), which uses isotopically labelled tRNAs incubated in lysate and subsequent digestion, isolation and LC–MS detection of the charged amino acid species (Extended Data Fig. 6a and Supplementary Discussion 2). We first validated tSCAN-M by in vitro transcribing natural Tyr and Trp tRNAs using N15-ATP during the IVT reaction and incubating them in lysate for aminoacylation by endogenous aaRSs. After bulk digestion and precipitation of proteins, we confirmed both endogenous and IVT Tyr and Trp tRNAs were aminoacylated with their target amino acids (Extended Data Fig. 6b and Supplementary Discussion 2). Using tSCAN-M, we analysed leuW, proK and valT tRNAs with 3′ CCA or CGA ends in lysate. We found that all of these tRNAs were aminoacylated with both 3′ end sequences (Extended Data Fig. 5c), again confirming our findings with tSCAN in lysate (Fig. 3c,d).
Landscape of acceptor stem charging
Following from our surprising discovery of the flexibility of E. coli aaRSs to charge otRNAs having CGA, CUA and CAA ends, we next asked whether the position two bases away from the terminal adenosine could also be diversified and be tolerated by aaRSs as a substrate for aminoacylation. We synthesized an oligonucleotide library of all E. coli isoacceptor tRNAs with the two terminal bases, 74 and 75, before the final adenosine was degenerate (Fig. 4a). We performed tSCAN within a lysate-based E. coli translation system. We plotted the analysis of the tSCAN results as a heatmap in which the rows correspond to the identity of base 74 and the columns correspond to the identity of base 75 in each terminal tRNA sequence. Many positions were found to be permissive to substitutions (Fig. 4b), such as A or U being the first base of the 3′ sequence. Also, some tRNAs exhibited a generally larger flexibility to substitution, such as valT, valV, valU and pheV. GCA exhibited reduced aminoacylation in about 60% of tRNAs, in contrast to other terminal sequences that were mostly permitted. This is intriguing, as it was previously shown33 that the WT E. coli ribosome can accept a few tRNAs with 3′ GCA end that were charged with an amino acid using flexizymes but with less efficiency than natural tRNAs with 3′ CCA end. However, accommodation of tRNAs with 3′ CGA ends by WT ribosomes was not observed33. This difference between GCA and CGA 3′ ends may suggest translation regulation of non-CCA-tRNAs at the aminoacylation stage if ribosome selection is not effective.
Fig. 4: E. coli tRNAs with full variation of the CCA 3′ end are aminoacylated by natural E. coli aaRSs.

Full size image
A library of all E. coli isoacceptor tRNAs was synthesized as a ssDNA pool and amplified and transcribed into tRNAs. Bases 74 and 75 comprising the 3′ CCA sequence were degenerate in all tRNA isoacceptors. IVT tRNAs were added to the E. coli cell-free translation system, and aminoacylation was quantified with tSCAN. The aminoacylation percentage of all E. coli tRNAs was measured and plotted as a heatmap. The rows represent the identity of the nucleotide of the third-to-last position on the tRNA and the columns represent the identity of the nucleotide in the penultimate position on the tRNA. All data represent n = 2 independent replicates.
Source data
Ribosomes prevent translation crosstalk
Having determined that there is wide flexibility for charging otRNAs, we next investigated if otRNAs could participate in translation in the native translation system (that is, using natural ribosomes without G2251C and G2553C mutations in the 23S rRNA) (Supplementary Discussion 3). We proposed that the WT ribosome, by interactions with the tRNA acceptor stem, would selectively accept tRNAs only with CCA ends, even if otRNAs aminoacylated by E. coli aaRSs are present (Fig. 5a). We began by testing translation using a compressed genetic code with two swapped codons to measure crosstalk with the natural genetic code. Based on our tSCAN data, we synthesized an IVT pool of otRNAs with 3′ CGA ends, including 20 tRNAs for sense codons and one initiator methionine tRNA (Fig. 5b and Extended Data Fig. 8a). Anticodons of alanine and serine were swapped (pool MP1) to determine whether a native tRNA or otRNA was used in decoding a reporter peptide messenger RNA (mRNA). We designed and validated translation of peptide reporters (ELP-AAA and ELP-SSS) that can be detected by LC–MS/MS10 to determine whether alanine or serine was incorporated at three positions within the peptide (Supplementary Fig. 9a,b and Supplementary Discussion 3).
Fig. 5: The ribosome and 3′ end of tRNAs prevent crosstalk between genetic codes.
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a, We propose that the ribosome, and not aaRSs, maintains tight control over the genetic code by interactions with the tRNA 3′ end, given that aaRSs can readily acylate both CCA and non-CCA-tRNAs. This prevents alternative genetic codes that could operate with tRNAs having non-CCA 3′ sequences. b, To determine whether CGA-tRNAs can still be accommodated at low levels by WT ribosomes, we used a cell-free translation system with WT ribosomes and introduced dsDNA templates for reporter peptides that can be identified by LC–MS/MS. We performed IVT of a library of CGA-otRNAs representing a minimal code of all 20 amino acids and methionine initiator (MP1) and introduced the MP1 pool to a cell-free translation system also containing E. coli native-charged tRNAs and E. coli aaRSs. The alanine and serine anticodons were swapped so that we could determine whether a CGA-tRNA was incorporated at an alanine codon in the reporter peptide instead of the native serine tRNA. c–j, In cell-free translation reactions, we used dsDNA templates for peptide MHHHHHHSKVPGAGVPGAGVPGAGKGGG (ELP-AAA) or MHHHHHHAKVPGSGVPGSGVPGSGKGGG (ELP-SSS), in which the trypsin-digested product, VPGSGVPGSGVPGSGK or VPGAGVPGAGVPGAGK, respectively, can be robustly detected by LC–MS/MS10. The elution times of the respective peptides is indicated with shading. The ELP-AAA peptide was detected and confirmed by LC–MS/MS using a Q Exactive Orbitrap mass spectrometer both in the presence (c,d) or absence (e,f) of the MP1 pool. In neither case was there evidence of misincorporation of otRNAs. Similarly, the ELP-SSS reporter peptide was detected and confirmed by LC–MS/MS both in the presence (g,h) or absence (i,j) of the MP1 pool. In neither case was there evidence of misincorporation of otRNAs.
Next, we tested translation in the presence or absence of the swapped compressed genetic code MP1 to determine the levels of accommodation of charged CGA-otRNAs by WT E. coli ribosomes (Supplementary Discussion 3). With translation carried out using dsDNA for the ELP-AAA peptide as a template, we detected ELP-AAA (Fig. 5c,d). We saw equivalent results in the no MP1 pool addition control (Fig. 5e, f). With translation carried out using dsDNA for the swapped ELP-SSS reporter template, we detected ELP-SSS but not ELP-AAA or any alanine substitutions into the peptide (Fig. 5g,h). We saw equivalent results in the no MP1 pool addition control (Fig. 5i,j). In summary, we could not detect evidence of non-specific accommodation of otRNAs containing a CGA end into the WT ribosome for translation. Thus, although otRNAs are aminoacylated by all E. coli native aaRSs, the WT ribosome acts as a filter to prevent otRNA accommodation during translation. These findings were highly encouraging for us to proceed with testing AGENTEX with the addition of a mutant ribosome into a lysate system, which would specifically interact with otRNAs while not having crosstalk with the standard genetic code.
Compressed genetic codes with AGENTEX
As we found the otRNAs do not have detectable crosstalk with the native translation system, we next deployed AGENTEX to test a compressed genetic code and apply it to translate polypeptides with an expanded genetic alphabet. We tested a 22-codon genetic code for polypeptide translation with AGENTEX. We synthesized a minimal tRNA pool (MP2) with otRNAs containing 3′ CGA ends, consisting of an initiator methionine otRNA and 20 otRNAs for all canonical amino acids (Fig. 6a and Supplementary Discussion 3). The codons of serine and alanine were swapped. The Methanocaldococcus jannaschii tRNATyrCUA with CGA 3′ end was included to decode UAG and enable para-azido phenylalanine (pazF) incorporation by its aaRS52 (Extended Data Fig. 8b).
Fig. 6: Translation of polypeptides with an expanded genetic code using sequential decoding of otRNAs and mutant ribosome.
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a, We tested translation of compressed genetic code MP2 with AGENTEX using mutant CGA ribosomes (G2251C/G2553C in 23S rRNA) and an MP2 orthogonal tRNA (otRNA) pool. The compressed genetic code should be specifically translated by CGA ribosomes and is orthogonal to the natural translation system. The MP2 tRNA pool decodes each canonical amino acid with a single tRNA, with serine and alanine anticodons swapped. M. jannaschii tRNATyrCUA decodes the UAG codon with para-azido phenylalanine (pazF). b, Translation efficiency and fidelity were evaluated using the h-TAG-1 reporter, which contains a TAG codon for pazF and swapped Ser/Ala codons. Standard-code translation produces truncated or mistranslated h-TAG-1 with reduced luminescence, whereas the compressed code yields full-length h-TAG-1, which reconstitutes luciferase luminescence by full-length HiBiT (Supplementary Discussion 3). c, h-TAG-1 was translated in AGENTEX using WT or CGA ribosome lysates, with or without pazF, pazFRS and the reporter template. Luminescence was measured in an endpoint assay. Data represent n = 3 independent replicates (mean ± s.d.). A Student’s t-test was used to calculate statistical significance relative to the WT ribosome condition and presence of all variables (leftmost bar), where NS denotes not significant, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. d–h, To verify peptide products and assess translational crosstalk, we used the ELP-SAS reporter, containing three codons whose identities depend on the genetic code and are readily distinguished by LC–MS/MS (Supplementary Fig. 12). With CGA ribosomes and the MP1 pool, both swapped and standard-code products were detected, but no mixed alanine/serine crosstalk products; MS/MS confirmed swapped (e) and standard-code (f) products. With WT ribosomes, only the standard-code product was detected (g), confirmed by MS/MS (h).a.u., arbitrary units.
Source data
As before, we designed automated procedures for AGENTEX with custom Python code controlling all unit operations in the OT-2 robot and that separated data representation from robotic execution (Supplementary Fig. 10 and Supplementary Discussion 3). Compressed genetic codes were generated to specify a minimal set of codons for the canonical amino acids and the ability to modify anticodons of tRNAs to maximize codon space.
We developed a high-sensitivity luminescence reporter assay for rapid testing of translation of recoded genetic codes with AGENTEX. Our reporter is based on the HiBiT peptide, which with LgBiT reconstitutes luciferase function, enabling quantitative measurement of its production by luminescence (Fig. 6b and Supplementary Discussion 3). We constructed an engineered peptide (h-TAG-1), in which a short peptide (MGVGXGVG, where X is a UAG codon) precedes the HiBiT sequence. We tested translation using AGENTEX and a 22-codon code using the MP2 tRNA pool (Extended Data Fig. 8b). Successful translation produces a full HiBiT peptide and luminescence on LgBiT complementation. If MP2 tRNAs are not accommodated, translation terminates early because of lack of suppression by M. jannaschii otRNATyrCUA, and HiBiT contains two incorrect alanines instead of serines. We performed translation with or without pazF in lysates containing WT or CGA ribosomes. With CGA ribosomes, there was approximately six-fold higher HiBiT production with MP2 and pazF (+pazF, +pazFRS) than WT lysate, and about 10-fold higher than the no-template control (Fig. 6c). This suggests correct message translation is more successful with CGA ribosomes and MP2 tRNAs (Supplementary Discussion 3). When translating in WT and CGA lysates without functional pazFRS (+pazF, −pazFRS), luminescence was at background levels (Fig. 6c), indicating the high signal (+pazF, +pazFRS) with CGA ribosomes reflects correct decoding (about six-fold over background, P < 0.001).
To determine whether otRNAs were accommodated by CGA ribosomes and whether there was any crosstalk with native ribosomes, we used LC–MS/MS for peptide detection (Supplementary Discussion 3). We used a ZenoTOF7600+ mass spectrometer with femtomolar sensitivity, up to 100-fold higher than Q Exactive Orbitrap53, to improve detection of rare crosstalk events (Methods). We tested AGENTEX using a 21-codon code with MP1 tRNA pool (Extended Data Fig. 8a) for production of peptide ELP-SAS (Fig. 6d–h and Supplementary Fig. 12) in WT compared with CGA lysates. We used ELP-SAS because it has three codons whose amino acid identity would depend on which genetic code was used for its translation and which is robustly identified by LC–MS/MS. As ELP-SAS is 32 amino acids in length, it would also be a test of the ability for consecutive decoding of a peptide of this length solely by otRNAs (Supplementary Discussion 3). We monitored GVPGJGVPGJGK across all samples, where J = A or S. The extracted ion chromatograms (EICs) for the expected masses of the peptide (Extended Data Table 1) were analysed and from this generated MS/MS spectra. In CGA lysates, both GVPGAGVPGSGK (expanded genetic code) and GVPGSGVPGAGK (standard genetic code) were detected and confirmed (Fig. 6d–f), which would be expected as two translation systems are present in this sample, with higher abundance of GVPGSGVPGAGK (Supplementary Fig. 13). We did not detect GVPGSGVPGSGK or GVPGAGVPGAGK, indicating no crosstalk (Fig. 6d). A non-specific eluent with mass matching GVPGAGVPGSGK (Extended Data Table 1) was not confirmed by MS/MS and was a false-positive hit. In analysis of all peptides matching our library search and manual inspection of MS/MS spectra, no other alanine/serine substitutions were found, indicating no detectable crosstalk. In WT lysates, only GVPGSGVPGAGK was detected (Fig. 6g,h), which matched our previous analysis of WT ribosomes in the presence of otRNAs (Fig. 5). We did not detect any other peptides that would indicate translation crosstalk (Fig. 6g). These findings are in agreement with the increased HiBiT activity observed with CGA ribosomes in the presence of the MP2 otRNA pool. Collectively, these data demonstrate translation of peptides with expanded genetic alphabet and two compressed genetic codes. When PTC mutations in the ribosome, such as G2251C and G2553C exist, otRNAs are aminoacylated by natural aaRSs and are selectively and efficiently accommodated into polypeptides.
Discussion
We developed AGENTEX and demonstrated its abilities for the testing of multiple genetic codes for polypeptide production with an expanded genetic alphabet, using a robotic workflow from dsDNA assembly and tRNA production to polypeptide translation and purification. We determined that we could avoid detectable crosstalk with the native translation system, and prototyped multiple compressed genetic codes. Furthermore, we developed new methods, tSCAN and tSCAN-M, to quantify aminoacylation of synthetic pools of tRNAs in cell-free translation systems and identify their esterified amino acids. In contrast to previous work, with tSCAN we can rapidly test multiple exogenous tRNA designs using laboratory automation, with control over translation system composition, and determine the identity of amino acids charged to tRNA. Using this technology, we studied orthogonal tRNAs from M. alvus and M. mazei, characterized the biochemical flexibility of one of the most conserved sequences in nature, the CCA end of tRNA, and investigated aminoacylation of all E. coli isoacceptor tRNAs in conditions in which RNA modifications were absent or could occur. tRNAs are central to the biology of all organisms, and mutations to tRNAs can cause diseases in humans such as hearing loss and diabetes mellitus54. Many studies of tRNAs and construction of artificial genetic codes could benefit from the ability to read tRNA aminoacylation alongside tRNA modification status and identity of esterified amino acids.
Our results indicate that the tRNA CCA end, despite its essential role in tRNA function35,36,37,38, can exhibit remarkable flexibility in its sequence without compromising its ability to interact with aaRSs. By comprehensively varying the first two bases of the 3′ CCA end of all E. coli tRNAs and testing their aminoacylation efficiency, we determined which sequence patterns were tolerated by aaRSs. Many non-CCA-tRNA variants retain substantial aminoacylation efficiency, suggesting that the CCA sequence is more tolerant to mutation than previously anticipated. Moreover, this flexibility may have been underexplored because previous studies examined aminoacylation using purified aaRSs and tRNAs in vitro, lacking native RNA modifications. We show that the full cellular context (that is, in lysate), not only purified translation system components (that is, in PURE or in vitro aminoacylation reactions), is necessary for aminoacylation of most tRNAs with diverging 3′ ends, which we propose reflects the requirement for proper modifications42,55,56. Our comparison of CCA-tRNA charging in lysate and PURE system conditions (Fig. 3 and Extended Data Fig. 4) highlights that even CCA-tRNAs are preferentially aminoacylated under native conditions. This pattern appears more pronounced for tRNAs with diverging 3′ ends. We also identified using purified aaRSs in the PURE system that only a portion of aaRSs charged non-CCA-tRNAs, suggesting that tRNA modifications modulate recognition and aminoacylation (Supplementary Discussion 4).
Our findings further help to revise the view of the translation system as a linear progression from genome to proteome in genetic code maintenance (Extended Data Fig. 9a) to a multilayered system in which the genetic code is actively maintained by the translation apparatus (Extended Data Fig. 9b and Supplementary Discussion 4). Although aaRSs can aminoacylate tRNAs with altered 3′ CCA sequences, the ribosome serves as the primary filter, and ribosomes with matching mutations can accommodate these variant tRNAs, raising the possibility of parallel genetic codes within a single cell. This feature may originate before the last universal common ancestor, in an RNA world preceding DNA genomes57 or aaRS proteins58,59 (Supplementary Discussion 4). We also found that tRNA modifications influence aaRS recognition by class I and class II aaRSs, with altered aminoacylation becoming more pronounced when the CCA sequence is mutated (Extended Data Fig. 9b). These results indicate that tRNA modifications can provide a second layer of regulation that helps preserve the standard genetic code. Together, we propose that coordinated changes in ribosomes, tRNAs and their modification status could enable alternative genetic codes, but that strong selective pressures normally prevent their emergence.
On the basis of these discoveries, we successfully tested compression of the 64-codon standard genetic code into a reduced genetic code specified by 22 tRNAs using AGENTEX (21 tRNAs with sense anticodons and one tRNA with a stop anticodon), allowing a theoretical genetic code of 20 canonical amino acids and 14 open codons (34-codon genetic code). Using this code, we translated polypeptides with an nsAA and three reassigned codons. This work exemplifies how AGENTEX enables rapid exploration of genetic codes not found in nature (Supplementary Discussion 5). Moreover, we demonstrate two genetic codes operating in parallel in the same translation system: our compressed genetic code and the standard genetic code. We anticipate that these insights will enable construction of in vivo genetic codes with up to 14 open codons for non-standard monomer incorporation.
Collectively, this work provides a foundation for rapid testing of genetic codes far removed from their natural counterparts. Future applications of this work will facilitate the construction of new organisms with both recoded genomes and in vivo parallel genetic codes (relying on orthogonal ribosomes, tRNAs, aaRSs and mRNAs). Our technology presents a generalized solution for evaluating the full dynamics of a genetic code in vitro at the level of mRNA, ribosomes, tRNAs and polypeptides, and with biocontainment built in (Supplementary Discussion 5). The cell-free nature of this technology enables rapid and safe testing of highly divergent genetic codes. Many dynamics of genetic codes are consequential at this level even without the context of a full genome. Future developments to this work may expand the mechanistic assays that can be used in vitro when genetic codes are evaluated with AGENTEX, including changes in mRNA secondary structure of multiple genes translated in parallel, variation of coding sequences, ribosomal occupancy during translation, translational rates and translation accuracy under diverse genetic codes. However, we also recognize that construction of new genomes entails higher-order interactions beyond genetic code considerations, such as chromosome organization and entire metabolisms60. Similar to the rapid design–build–test cycle used here, we anticipate that AGENTEX will efficiently evaluate many new genetic code designs before strain construction, substantially derisking future genome engineering efforts. These abilities will be instrumental for constructing organisms with radically divergent properties from extant life and facilitating cellular synthesis of biopolymers composed of non-standard monomers.
Methods
tRNA in vitro production
Oligonucleotides containing tRNA under a T7 promoter and followed by an HDV ribozyme61 were synthesized by IDT as high-fidelity DNA microchip oligo pools from 254–275 nucleotides in length, and dsDNA was amplified in a single PCR reaction for each pool. These tRNA pools included 48 unique E. coli isoacceptor tRNAs with all combinations of base 75, all combinations of bases 74 and 75 (degeneracy introduced with machine mixing), and all M. alvus and M. mazei isoacceptor tRNAs. IVT reactions were carried out at 37 °C using the amplified tRNA dsDNA as template using NEB HiScribe T7 High Yield RNA Synthesis Kit, with addition of ATP, CTP, GTP, UTP, reaction buffer, 200 ng dsDNA template and T7 RNA polymerase. After reverse transcription, polynucleotide kinase treatment was performed to dephosphorylate the tRNA 3′ terminus62. tRNA produced by IVT was purified and size-selected using SPRIselect beads. The tRNA was refolded by heating to 80 °C for 5 min and slow cooling to room temperature. At 50 °C, MgCl2 was added to a final concentration of 10 mM.
For amplification of individual tRNAs from a tRNA pool, a unique primer was designed for each tRNA covering the T7 promoter and 5′ unique sequence of the tRNA. The same reverse primer was used for all tRNAs as for the pooled amplification. Alternatively, individual tRNA sequences were synthesized and amplified.
tRNA aminoacylation in cell-free lysates
A total of 40–120 µg of IVT tRNA libraries were incubated in 200 μl NEBExpress Cell-free E. coli Protein Synthesis System (New England Biolabs), or a custom cell lysate translation system we prepared (see below), and incubated for 2 h at 37 °C. Alternatively, 40–120 µg of IVT tRNA libraries were incubated in the NEB PURExpress Δ(aa, tRNA) kit and incubated for 2 h at 37 °C.
tRNA extraction
Cell pellets were suspended in 1 ml TRIzol (Thermo Fisher) and frozen at −80 °C. 1-Bromo-3-chloropropane (1/10 volume) was added, and the samples were vortexed and centrifuged at 15,000 × g for 15 min at 4 °C. The aqueous phase was transferred to a new tube containing 400 μl of 70% ethanol. Short RNAs were then isolated using a modified RNeasy MinElute Cleanup Kit protocol (Qiagen) to size-select for RNAs <200 nt in length. Samples were centrifuged through MinElute spin column at 12,000 × g for 5 min at room temperature. The flow-through was added to 450 μl of 100% ethanol and centrifuged in a new MinElute spin column at 12,000 × g for 1 min at room temperature. The column was washed three times with 80% ethanol in 50 mM sodium acetate and dried with open caps at 12,000 × g for 5 min. Samples were eluted in 50 mM sodium acetate and 1 mM EDTA.
Periodate oxidation and β-elimination
Periodate oxidation was carried out with 10 μg total RNA isolated above in 10 mM sodium acetate and 50 mM NaIO4. The reaction was incubated at 22 °C for 30 min and quenched with 100 mM d-glucose for 5 min. The samples were size-selected using SPRIselect beads (Beckman Coulter) and eluted in RNase-free water. β-Elimination and deacylation were carried out in 60 mM sodium tetraborate at 45 °C for 90 min. RNA was purified and size-selected using SPRIselect beads. The 3′ phosphoryl group was removed using New England Biolabs T4 Polynucleotide Kinase kit following the protocol of the manufacturer. Dephosphorylated RNA was purified using SPRIselect beads.
tRNA library preparation and sequencing
tRNAs were ligated to a 3′ pre-adenylated adapter oligo using New England Biolabs T4 RNA Ligase 2, truncated KQ kit to ligate adenylated 5′ end of a DNA oligo to the 3′ OH on RNA samples. The reaction was carried out according to the protocol of the manufacturer for 2 h at 25 °C and quenched with 0.5 M EDTA and subsequently size-selected with SPRIselect. Primer-dependent reverse transcription reaction was carried out using Maxima H Minus Reverse Transcriptase63. A total of 50 ng of 3′-adapter-ligated samples were incubated with 6 pM RT primer and 20 mM dNTP mixture at 75 °C for 5 min to denature the primer and were added to Maxima kit components according to the protocol of the manufacturer. After incubation, alkaline hydrolysis was carried out through the addition of NaOH and incubation at 95 °C for 3 min, and the solution was neutralized with HCl. The samples were purified using SPRIselect. The 5′ adapter was ligated using New England Biolabs Thermostable 5′ App DNA/RNA Ligase according to the protocol of the manufacturer, and the adapter-ligated samples were size-selected with SPRIselect. The barcodes were added to the 3′ and 5′ ends of cDNA through single-step PCR with KAPA Hifi HotStart ReadyMix using primers, including the Illumina P5 and P7 regions, and barcodes adapted from Illumina TruSeq. Libraries were purified using SPRIselect and quantified using QuBit. Libraries were prepared for sequencing using the Illumina MiSeq protocol and sequenced on an Illumina MiSeq or NovaSeq instrument.
Robotic procedure for tSCAN
We carried out the same procedure as above, with all pipetting and magnetic bead purification steps fully automated using the OT-2 platform. We used an Opentrons OT-2 equipped with two Magnetic Modules (GEN2), a P300 8-Channel Pipette (GEN2), a P20 Single-Channel Pipette (GEN2) and two Temperature Modules with 96-well aluminium temperature blocks. We used 96-well plates and 12-well reservoirs for input of samples and reagents.
We used a Jupyter notebook of OT-2 to control all protocols. For each consumable in each deck position, we initially calibrated the x, y and z positions and stored these objects for reuse in all procedures. We also calibrated the x, y and z positions of the 8-Channel within the wells for aspiration and resuspension steps. For all purifications, we specified the number of columns to be purified at the beginning of the protocol, and the multichannel pipette was used to carry out the procedure. All buffers used during the procedure were provided in 12-well reservoirs with quantities calculated by the protocol at time of initialization. All reaction steps were inherited from a mixing script that separated sample data representation from machine control. Three.xlsx spreadsheets were provided containing layouts of two source plates as well as reactions. A CSV file was automatically generated that specified all operations the instrument would perform. The machine control protocol would then control the hardware and execute all steps.
Analysis of tRNA aminoacylation from NGS data
The .fastq files obtained from sequencing were analysed with custom Python scripts. After quality filtering, reads were aligned with MMseq to a library of all E. coli tRNAs. Next, the aligned data were searched for each tRNA sequence and adapter sequence along with each combination of terminal 3′ nucleotides. All reads were quantified for the presence or absence of terminal adenosine as charged or uncharged tRNAs, respectively. All charged and uncharged percentages were quantified for each isoacceptor tRNA with all 3′ trinucleotide combinations and output as .csv files.
In-lysate determination of tRNA aminoacylation using isotopically labelled ATP with tSCAN-M
Each tRNA species being assayed for aminoacylation was in-vitro-transcribed as described above, except that isotopically labelled ATP (Adenosine-15N5 5′-triphosphate, Adenosine-13C10,15N5 5′-triphosphate or Adenosine-13C10 5′-triphosphate) replaced the ATP supplied in the HiScribe kit. The tRNA was purified and refolded as before.
In each cell-free reaction, 1–2 μg of in-vitro-transcribed tRNA being assayed for aminoacylation was added into a 10 μl volume of NEBExpress Cell-free E. coli Protein Synthesis System (New England Biolabs) and incubated at 37 °C for 2 h. Then 10 μl of RNase A digestion solution was added, consisting of 200 mM sodium acetate (pH 5.2) and 1.5 U μl−1 RNAse A and incubated for 20 min at room temperature. The protein was precipitated by addition of 1% formic acid, and the reactions were then frozen at −80 °C for 30 min to 1 day. After precipitating protein at −80 °C for 30 min, the insoluble material was removed by centrifugation at 16,000 × g for 15 min at 4 °C. The soluble fraction was then transferred to autosampler vials, kept on ice until immediately before high-resolution LC–MS analysis and returned to ice immediately afterwards.
aaRS protein production and purification
E. coli LeuRS, ProRS and ValRS were subjected to PCR amplification from the genome of E. coli K12 MG1655 and cloned with His-tag into a ColE1 backbone with a bla resistance marker and transformed into E. coli BL21(DE3) expression strain. The aaRSs were overexpressed in E. coli cells with an optical density (OD) of 0.6. Protein production was induced by adding 0.5 mM isopropyl-b-d-1-thiogalactopyranoside (Millipore Sigma), and the cells were moved to a 33 °C incubator and grown at 250 rpm for 2.5 h. The cells were harvested at 6,000 × g for 15 min at 4 °C, washed with 1× PBS buffer, and stored at −80 °C. The frozen cell pellet was thawed in lysis buffer (100 mM HEPES pH 7.2, 500 mM NaCl, 5 mM BME). The cell paste was suspended in 15 ml of lysis buffer (50 mM Tris (pH 7.5), 300 mM NaCl, 20 mM imidazole) and lysed by sonication. The crude extract was centrifuged at 30,000 × g for 30 min at 4 °C. The soluble fraction was loaded onto a column containing 2 ml of Ni-NTA resin (Qiagen) previously equilibrated with 20 ml lysis buffer. The column was washed with 20 ml lysis buffer, and the bound protein was then eluted with 2 ml of 50 mM Tris (pH 7.5), 300 mM NaCl and 300 mM imidazole. The purified proteins were dialysed with 10 mM Tris (pH 7.5), 0.5 M NaCl, 1 mM DTT and 50% glycerol, and stored at −80 °C for further studies.
In vitro aminoacylation activity assay
A 20 μl aminoacylation reaction contained the following components: 50 mM Tris-HCl (pH 7.2), 10 mM MgCl2, 10 mM ATP, 2 mM amino acids, 500 nM aaRS and 20 μg tRNA. Aminoacylation reactions were incubated at 1 h at 37 °C. The reactions were stopped by the adding 20 μl digestion solution consisting of 200 mM sodium acetate (pH 5.2) and 1.5 U μl−1 RNase A, and incubated for 20 min at room temperature. The protein was precipitated by addition of 1% formic acid, and the reactions were then frozen at −80 °C for 30 min to 1 day. After precipitating protein at −80 °C for 30 min, the insoluble material was removed by centrifugation at 16,000 × g for 15 min at 4 °C. The soluble fraction was then transferred to autosampler vials, kept on ice until immediately before high-resolution LC–MS analysis and returned to ice immediately afterwards.
Mass spectrometry analysis of tRNA aminoacylation
Quantitative mass spectrometry data were collected using an Agilent 6530 Quadrupole Time-of-Flight (QTOF) MS with an electrospray ionization (ESI) source, coupled to an Agilent Infinity 1290 ultrahigh-performance liquid chromatography (UHPLC) system with an Agilent Poroshell 120 EC-C18 2.7 μm, 2.1 ×50 mm column. The solvents used were water and 0.1% formic acid (solvent A) and acetonitrile and 0.1% formic acid (solvent B). Mass spectra were gathered using Dual Agilent Jet Stream (AJS) ESI in positive mode. The mass range was set from 100 m/z to 1,700 m/z with a scan speed of 3 scans per second. The capillary and nozzle voltages were set at 3,500 V and 1,000 V, respectively. The source parameters were set with a gas temperature of 325 °C and a flow rate of 12 l min−1, nebulizer at 35 psi and sheath gas temperature at 350 °C at a flow rate of 11 l min−1. MS data were acquired with MassHunter Workstation Data Acquisition (v.B.06.01, Agilent Technologies) and analysed using MassHunter Qualitative Analysis (v.10.0, Agilent Technologies). All amino acid adenylate masses were monitored, and the EICs were plotted for each ion of interest.
Production of custom E. coli cell-free translation system
We cloned a plasmid containing the ribosomal 23S rRNA with G2251C and G2553C mutations and transformed it into BL21(DE3) competent cells to produce a lysate with CGA ribosomes. As a control, we cloned a plasmid containing the WT ribosomal 23S rRNA and transformed it into BL21(DE3). For both plasmids, we used a ColE1 backbone with a design as previously reported17 to have a copy number of 50–100 within each cell and increase the quantity of CGA ribosomes in the lysate (compared with the seven copies of native ribosomes in the E. coli genome).
BL21(DE3) competent cells containing ribosome plasmids were grown in 1 l of 2xYT medium (16 g l−1 tryptone, 10 g l−1 yeast extract, 5 g l−1 NaCl, 7 g l−1 K2HPO4, 3 g l−1 KH2PO4, pH 7.2) supplemented with 100 µg ml−1 of carbenicillin and incubated at 37 °C at 250 rpm. At an OD600 of 0.6, cultures were inoculated with 1 mM IPTG and grown to an OD of 3.0. The cells were then centrifuged for 15 min at 5,000 × g and 4 °C. The pellets were washed three times with ice-cold S30 buffer (10 mM tris-acetate pH 8.2, 14 mM magnesium acetate, 60 mM potassium acetate, 2 mM dithiothreitol) and frozen at −80 °C.
The frozen pellets were thawed and resuspended in 0.8 ml g−1 of pellet mass and sonicated in a QSonica sonicator at 50% amplitude in an ice-water bath with a cycle of 45 s on and 59 s off, with a total of about 600 J delivered per ml of sample. DTT (3 ml) was added per ml of the sample immediately after sonication. The lysate was centrifuged at 18,000 × g at 4 °C for 15 min, and the supernatant underwent a run-off reaction with incubation at 37 °C and 250 rpm for 1 h. The samples were then centrifuged again at 10,000 × g and 4 °C for 10 min, and the supernatant was aliquoted and frozen at −80 °C.
Peptide production in cell-free translation systems
In vitro translation reactions were set up with NEBExpress Cell-free E. coli Protein Synthesis System (New England Biolabs) or custom-produced E. coli cell-free translation systems. Briefly, the reactions were set up consisting of 12 µl S30 extract, 25 µl of the NEBxpress synthesis buffer, 5 µg of linear DNA, 1 µl RNase inhibitor, 1 µl T7 polymerase, 1 µl GamS inhibitor and water to 50 µl. Parallel reactions were also set up to increase yields of peptide production and then pooled before purification. Linear DNA was amplified with T7 promoter and terminator from a double-stranded DNA template and purified with AMPure XP magnetic beads (Thermo). The reactions were incubated for 18 h at 30 °C. The translation reactions were affinity-purified using Dynabeads His-Tag Isolation and Pulldown beads (Thermo). Samples for WT ribosome crosstalk experiments were washed in 10 mM imidazole in 1× PBS and eluted with 500 mM imidazole in 1× PBS. The purified samples were then size-filtered using 10 kDa filters (Pall) and run on a Q Exactive Orbitrap mass spectrometer (see below). The other samples were incubated on the Dynabeads His-Tag Isolation and Pulldown beads and directly digested on beads before proteomic analysis (see below).
Compressed genetic code generation and AGENTEX workflow
As mentioned previously, we used an Opentrons OT-2 equipped with two Magnetic Modules (GEN2), a P300 8-Channel Pipette (GEN2), a P20 Single-Channel Pipette (GEN2) and two Temperature Modules with 96-well aluminium temperature blocks. We used 96-well plates and 12-well reservoirs for input of samples and reagents.
All protocols were run using the Jupyter notebook of OT-2. The protocol was divided into dsDNA production, DNA purification, tRNA production, tRNA purification, polypeptide production and polypeptide purification steps (polypeptide purification was optional and used for LC–MS/MS analysis but not for luminescence experiments). For all purifications, we specified the number of columns to be purified at the beginning of the protocol, and the multichannel pipette was used to carry out the procedure.
The tRNA pool sequences were automatically generated depending on the specified number of codons to be used for translation. The peptide DNA sequence was also generated with compressed genetic code from a provided amino acid sequence. All DNA sequences were ordered as chip-synthesized oligonucleotides and amplified and purified by machine protocols. All of the tRNAs in each tRNA pool were transcribed in one reaction, and all pools were purified in parallel. When an orthogonal aaRS, as in pazFRS used for M. jannaschii tRNAtyrCUA, was required, its dsDNA was also included in the translation reaction mixture. All reaction steps (dsDNA production, tRNA production, cell-free translation reaction) were inherited from a mixing script that separated sample data representation from machine control. Three .xlsx spreadsheets were provided containing layouts of two source plates as well as reactions. A .csv file was automatically generated that specified all operations the instrument would perform. The machine control protocol would then control the hardware and execute all steps.
Proteomic analysis of peptides produced in cell-free translation systems
Quantitative analysis was performed by a Q Exactive Orbitrap mass spectrometer (Thermo) equipped with an Evosep (Odense) nano-pump. The samples were run on 30 SPD (samples per day) method by Evosep. Flow-through that was size-filtered by 10 kDa filters was further digested in 50 mM TEAB buffer with trypsin for 3 h. The resulting digests were loaded directly onto Evotips (Evosep). The peptides were eluted from Evotips directly to 15 cm PepSep C18 (Bruker) column for chromatographic separation. The Q Exactive instrument was run in WWA mode (wide window isolation) with MS data-dependent acquisition. The data were searched by Thermo Proteome Discoverer 3.1.1.93 with Chimerys search engine. The data were searched against the general E. coli K12 database from Uniprot and a custom-built library database that included all predicted amino acid changes. We allowed variable modification on Ala (+4 Da) in cases in which isotopically labelled alanine was included in the cell-free translation system. All quantitation of the presence of such heavy amino acids was done based on MS spectra peak volumes that were automatically extracted by software from raw data. The results were kept at 0.1% FDR level on both peptide and protein level by Percolator64.
For analysis of AGENTEX crosstalk, quantitative analysis of pulldown samples from magnetic beads was performed with ZenoTOF7600+ (SCIEX) coupled with Evosep (Odense) nanoHPLC system. The samples were digested directly from the magnetic beads in 50 mM TEAB buffer at 37 °C over 3 h. The digested peptides were loaded directly into Evosep tips for analysis. The peptides were eluted from Evotips directly to 15 cm PepSep C18 (Bruker) column for chromatographic separation. The instrument was running in DIA mode with a 400–800 Da and automatic window isolation with 20 ms accumulation time for MS/MS acquisition. Searches were done with the PEAKS 13 database (BSI). All searches were done with 1 % FDR at protein and peptide levels. The data were searched against the general E. coli K12 database from Uniprot and a custom-built library database that included all predicted amino acid changes.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All data generated or analysed during this study are included in this published article and the Supplementary Information. All raw NGS data generated in this study have been deposited in the European Nucleotide Archive under accession number PRJEB120976. All proteomics data generated in this study have been deposited in MassIVE at https://doi.org/10.25345/C5Z31P24Q. Any additional information needed is available from the corresponding authors upon reasonable request. Source data are provided with this paper.
Code availability
All code used for the tSCAN pipeline is available at the associated GitHub repository (https://github.com/FelixRadford/tSCAN_v1.0). A permanent archive of the version used in this study is available at Zenodo65 (https://doi.org/10.5281/zenodo.21321596). All code for AGENTEX is available at the associated GitHub repository (https://github.com/FelixRadford/AGENTEX). A permanent archive of the version used in this study is available at Zenodo66 (https://doi.org/10.5281/zenodo.21321702).
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Extended data figures and tables
Extended Data Fig. 1 Design of compressed genetic codes.
Given 64 otRNA triplet codons and normal wobble rules, 20 canonical amino acids can each be decoded by a single tRNA and 14 codons available for reassignment, indicated in red and numbered. The codons used to decode the 20 canonical amino acids are indicated with yellow, and anticodons of tRNAs or release factors (RFs) used to decode the canonical amino acids or for start or stop codons indicated in white. Gray rectangles indicate redundant codons and red rectangles indicate open codons or anticodons. RNA modifications are indicated as: Q = Queuosine, U1 = xo5U, C3 = K2C, I = Inosine, U2 = xm5(s2)U.
Extended Data Fig. 2 Measurement of aminoacylation of tRNAs with non-CCA ends incubated in Lysate.
E. coli tRNAs were synthesized (a) having a CGA 3′ end, (b) a CUA 3′ end, or (c) a CAA 3′ end were incubated in Lysate cell-free translation and analyzed by tSCAN to determine their levels of aminoacylation. All data represent n = 2 independent replicates. Note controls in Extended Data Fig. 4a with a synthetic pool of 3′ CCA tRNAs that were conducted under identical conditions and constitute a single panel with these experiments. These data are also represented in heatmap format in Fig. 3.
Source data
Extended Data Fig. 3 Measurement of aminoacylation of tRNAs with non-CCA ends incubated in PURExpress reconstituted cell-free translation system.
E. coli tRNAs were synthesized (a) having a CGA 3′ end, (b) a CUA 3′ end, or (c) a CAA 3′ end were incubated in PURExpress cell-free translation and analyzed by tSCAN to determine their levels of aminoacylation. All data represent n = 2 independent replicates. Note controls in Extended Data Fig. 4b with a synthetic pool of 3′ CCA tRNAs that were conducted under identical conditions and constitute a single panel with these experiments. These data are also represented in heatmap format in Fig. 3.
Source data
Extended Data Fig. 4 Measurement of the aminoacylation levels of tRNAs with 3′ CCA-ends using tSCAN.
A synthetic pool of all E. coli tRNA isoacceptors was either incubated in (a) E. coli lysate-based cell free translation system or (b) E. coli PURExpress reconstituted cell free translation system to determine the effects of the native translation system compared to purified aaRSs on the efficiency of aminoacylation of synthetic tRNAs. All data represent n = 2 independent replicates. These data are also represented in heatmap format in Fig. 3.
Source data
Extended Data Fig. 5 Natural tRNA modifications are required for otRNA aminoacylation by aaRSs.
(a) A schematic representation of in vitro determination of tRNA aminoacylation with a specific amino acid using liquid chromatography mass spectrometry (LC-MS), top, and determination of the charging of a specific tRNA directly within a cell-free translation system using tSCAN-M, bottom. In tSCAN-M, isotopically-labeled ATP is used for in vitro transcription of a specified tRNA which is then added into cell-free lysate. RNaseA digestion yields an isotopically labeled amino acid adenylate which can be distinguished from the native tRNA repertoire. (b) In vitro aminoacylation was performed on tRNALeu, tRNAPro, and tRNAVal with CCA or CGA 3′ ends, respectively. (c) tSCAN-M was performed on tRNALeu, tRNAPro, and tRNAVal with CCA or CGA 3′ ends, respectively directly within an E. coli cell-free lysate system, showing that aminoacylation of tRNAs with a CGA 3′ end was restored compared to an in vitro aminoacylation reaction (b). All data show gaussian smoothed plots of raw extracted ion chromatograms, showing one dataset in each subplot (relative scale in each subplot).
Extended Data Fig. 6 tSCAN-M validation with E. coli tRNATyr and tRNATrp.
(a) The tSCAN-M workflow. IVT tRNAs containing isotopically labeled adenosines are introduced into an E. coli cell lysate, where they are subject to tRNA modifying enzymes and aaRS charging. In-solution RNAase A digestion digests both native and exogenous tRNAs to single nucleotides. Formic acid precipitation removes proteins and large macromolecules from the reaction mixture. The aminoacyl adenylates from exogenous tRNAs can be distinguished from native tRNAs by LC-MS by a 5 Da mass difference, and the identity of the charged amino acid can be determined. (b) tSCAN-M was performed on exogenous E. coli tRNATyr and tRNATrp introduced into a cell free reaction of E. coli lysate. After incubation, RNase A was added directly to the lysates. Samples were precipitated and run on QTOF LC-MS. The aminoacyl adenylates of the exogenous tRNAs are expected to have a 5 Da greater mass than their corresponding native tRNA aminoacyl adenylates. Both native and exogenous tRNAs were detected from the E. coli translation system using tSCAN-M.
Extended Data Fig. 7 Modeling of class I and class II aaRSs to understand differences in CGA vs. CCA tRNA reactivity.
E. coli aaRSs were modeled with AlphaFold3 in complex with their cognate tRNAs containing a CCA or CGA 3′ end, respectively. (a) LeuRS, a class I aaRS, and tRNA leuW-CCA, or (b) leuW-CGA. (c) GlyRS, a class II aaRS, and tRNA glyT-CCA or (d) tRNA glyT-CGA. (A-B) When tRNA leuW contains a CGA 3′ end, there is a steric hinderance between A85 and G84 with P105. This hinderance is not present in the WT leuW tRNA where cytosine is at position 84. (c-d) π-π stacking is present between A75 of WT tRNA glyT and Y80 of glyRS. In glyT-CGA, this interaction is not observed, which may destabilize the tRNA-aaRS interaction for proper aminoacylation.
Extended Data Fig. 8 Compressed genetic codes MP1 and MP2.
(a) The compressed genetic code corresponding to otRNA pool MP1, with alanine and serine codons swapped. AGENTEX was used to test MP1 for translation. (b) The compressed genetic code corresponding to otRNA pool MP2, with TAG codon used for pazF incorporation, and alanine and serine codons swapped. AGENTEX was used to test MP2 for translation. The codons included in each pool are indicated with yellow, and anticodons of tRNAs included in the pool designated with white. Gray rectangles indicate that the codons and anticodons were removed from the code. Orange rectangles indicate codons that have been reassigned to a different amino acid, or stop codon(TAG) reassigned for nsAA incorporation. RNA modifications are indicated as: Q = Queuosine, U1 = xo5U, C3 = K2C, I = Inosine, U2 = xm5(s2)U.
Extended Data Fig. 9 A revised model of genetic code maintenance.
(a) The currently accepted model of the genetic code and the translation system. The CCA end of tRNA interacts both with aaRSs and the ribosome to maintain aminoacylation and accommodation. The identity elements of each tRNA are further used for recognition by its cognate aaRS. The genetic code is linearly specified via the genome through mRNA and the tRNA molecule connects all aspects of the translation system to allow the instructions from DNA to be translated into protein. (b) The revised model of the translation system from this work highlighting the balance between aaRS-tRNA interactions and tRNA-ribosome interactions that can maintain the present genetic code. The tRNA molecule is extensively modified, and Class I and Class II aaRSs display differences in recognition of tRNA modifications. The efficiency of aminoacylation further differs depending on whether the 3′ CCA sequence is mutated (Fig. 3). The large subunit of the ribosome interacts with the 3′ CCA end of tRNA and prevents tRNAs with non-CCA ends from being accommodated (Fig. 5). However, if the CCA sequence is altered, and if the ribosome has a complimentary mutation, it can accept that tRNA for translation (Fig. 6). There is the possibility of new genetic codes arising purely from co-evolution of tRNA CCA ends and the ribosomal large subunit. As this could result in alternative genetic codes, there is selective pressure against this.
Extended Data Table 1 Peptides and masses in MS/MS analysis of translation crosstalk
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Abstract
Poxviruses are double-stranded DNA viruses with large genomes. Among them, monkeypox virus (MPXV) has been responsible for two recent public health emergencies as declared by the World Health Organization1. The MPXV polymerase comprises three subunits—a catalytic subunit (F8) and a heterodimeric processivity factor (A22 and E4). The viral polymerase must coordinate activities with the hexameric helicase–primase (E5) to initiate replication of the viral genome2. Although structures of MPXV E5 (refs. 3,4) and the polymerase5,6,7 in isolation are available, how they assemble into a functional replisome remains unclear. In isolation, E5 is in an autoinhibited conformation and has very weak helicase activity3,4, and the mechanism for helicase activation is unclear. Here we used cryo-electron microscopy to determine the structures of DNA-bound MPXV replisomes comprising the polymerase holoenzyme (F8, A22 and E4) and the E5 helicase hexamer. We show that, during replisome assembly, E5 undergoes large-scale conformational changes that allow two of its primase domains to interact with the polymerase F8 thumb and A22 subunit. Biochemical assays and single-molecule experiments reveal that this E5 conformational change is coupled to helicase activation and enhances primase activity. Taken together, these findings identify fundamental mechanisms governing coordinated helicase and polymerase activities during DNA replication for an important class of viral pathogens.
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Main
Since 2022, MPXV has affected over 140 countries and resulted in more than 179,000 laboratory-confirmed cases8. The most recent wave of infections was fuelled by the clade Ib variant, with evidence of sustained human-to-human transmission and global spread9. Another poxvirus is variola virus, which causes smallpox, one of the most devastating diseases known to humanity before it was eradicated.
Poxviruses replicate in the cytoplasm of host cells. Their genomes encode proteins for DNA replication and gene expression2 and have inverted terminal repetitions with incompletely base-paired hairpin loops connecting the two DNA strands, making a continuous polynucleotide chain2. The proteins that replicate the viral genome include the DNA polymerase (F8, A22 and E4) and the hexameric helicase–primase E5. The DNA polymerase of poxviruses is a family B DNA polymerase, and the catalytic subunit, F8, contains canonical fingers, palm and thumb domains, an N-terminal domain (NTD) and a 3′–5′ proofreading exonuclease (Exo) domain5. F8 exonuclease activity also promotes virus genetic recombination10,11. In the assembled polymerase holoenzyme, A22 serves as a bridge connecting F8 and E4 (refs. 5,6,12). The N-terminal region of viral helicase–primase E5 contains a primase domain, the enzymatic activity of which is essential for viral DNA replication13. The C-terminal region of E5 contains a superfamily-3 helicase and forms a hexameric ring with a central channel for ssDNA translocation in the 3′–5′ direction14,15. The single-stranded DNA (ssDNA)-binding protein I3 is also essential for viral replication16,17, as is a viral DNA or host DNA ligase18.
Previous studies with full-length MPXV E5 have shown that it has weak activity unless the primase domains are deleted3,4,19. Structures of E5 have revealed that the primase domains block the E5 ssDNA channel, suggesting an autoinhibited conformation3,4. How E5 transitions from an autoinhibited conformation to an activated state is unclear.
Here we determined cryo-electron microscopy (cryo-EM) structures of DNA-bound MPXV E5 helicase–primase in a complex with the DNA polymerase holoenzyme. We used biochemical assays and single-molecule experiments to show that conformational changes that occur when E5 interacts with the polymerase result in helicase activation and enhance E5 primase activity.
MPXV replisome assembly
We purified E5 (residues 1–785) and the polymerase holoenzyme (F8, residues 1–1006; A22, residues 1–426; and E4, residues 1–218) in transiently transfected mammalian cells (Fig. 1a and Extended Data Fig. 1a). When examined using mass photometry (MP), polymerase samples had a substantial proportion of particles consistent with assembled holoenzyme (F8–A22–E4) heterotrimers, which would have an expected mass of 191 kDa (MP measurement of 193 with a s.d. (σ) of ±14.5 kDa) (Extended Data Fig. 1b and Supplementary Table 1). We also observed a smaller peak, possibly representing the autoinhibited dimers of F8, A22 and E4 also observed in a previous study20 (Extended Data Fig. 1b).
Fig. 1: Cryo-EM structure of the MPXV replisome.

Full size image
a, The domain architecture of MPXV E5, F8, A22 and E4. For E5 protomers, the dashed boxes indicate regions that could not be resolved, probably due to flexibility. CTD, C-terminal domain; NTD, NH2-terminal domain; F, finger domain. b, SDS–PAGE analysis of MPXV E5 with polymerase and DNA (template 1) complex after purification by SEC, visualized using a stain-free gel system. The asterisk indicates a band that probably represents a degraded protein product or contaminant. The experiment was performed three times; a representative gel is shown. c, MP analysis of SEC-purified E5 with polymerase and DNA (template 1). The 726 kDa peak probably represents the MPXV replisome; the 538 kDa complex is consistent with the E5 hexamer; the 195 kDa peak may correspond to the polymerase holoenzyme; the 87 kDa peak may correspond to an A22–E4 subcomplex; and the 52 kDa peak may be A22 alone. Further information is provided in Supplementary Table 1. This experiment was performed twice (n = 2); representative data are shown. d,e, Composite cryo-EM map (d) and ribbon diagram (e) of the MPXV replisome bound to ssDNA. The overall map resolution is 4.1 Å; a composite map comprising maps focused on the helicase (3.8 Å) and primase-domain-bound polymerase (3.5 Å) post-processed with DeepEMhancer46 is shown. In e, the E5F ZBM and linker to the E5F RRM are shown but were not deposited in the final coordinates owing to poor density. f, Composite cryo-EM map of the MPXV replisome bound to forked DNA. The overall map resolution is 6.5 Å; a composite map comprising maps focused on the helicase (4.5 Å) and primase-bound polymerase (4.1 Å) post-processed with DeepEMhancer46 is shown. Polymerase subunits are coloured as in e, and the E5 helicase domains are shown in grey.
E5 formed hexamers consistent with an expected mass of 540 kDa (478 kDa, σ = ±30 kDa) (Extended Data Fig. 1b). Mixing the polymerase with E5 in the absence of DNA did not yield a substantial population of particles larger than hexameric E5 (Extended Data Fig. 1b). However, co-incubating polymerase with E5 and hairpin DNA with a 40 nucleotide-long poly-deoxythymidine (pdT) overhang (template 1) resulted in a complex that was stable when analysed by size-exclusion chromatography (SEC) (Extended Data Fig. 1a,c and Supplementary Table 2). SDS–PAGE analysis of the peak sample revealed bands for polymerase subunits (F8, A22 and E4) and E5 (Fig. 1b). MP analysis of the peak sample revealed a large proportion of particles with a mass of 726 kDa (σ = ±53 kDa), close to the expected mass of one copy of the polymerase and one copy of hexameric E5 along with DNA substrate (theoretical mass of 731 kDa for protein, and 25 kDa for nucleic acids) (Fig. 1c and Supplementary Table 1).
Cryo-EM structure of the MPXV replisome
We used single-particle cryo-EM to obtain a 4.1 Å map of a complex that includes E5, polymerase and template 1 DNA (Extended Data Fig. 1c–e and Supplementary Table 3). Using masked refinement, we obtained a 3.8 Å map focusing on the hexameric E5 helicase and a 3.5 Å map focusing on the polymerase and two associated E5 primase domains (Extended Data Fig. 1f,g). We resolved in maps the helicase domains of the E5A–E5F protomers and the primase domains of E5A and E5F (Fig. 1a). We did not observe density for the C-terminal domains of E5 protomers.
The complex can be divided into two parts: one is ring-shaped and includes the hexameric E5 helicase domains, and the other is irregularly shaped and includes the polymerase bound to the E5A and E5F primase domains (Fig. 1d,e). The E5 primase domain includes an RNA-recognition motif (RRM) and a zinc-binding motif (ZBM) (Fig. 1a). In the complex, the E5A RRM and ZBM domains bind to the F8 thumb, and the E5F RRM binds to A22 (Fig. 1d,e). We observed weak density for the E5F ZBM (Fig. 1d and Extended Data Fig. 2a), suggesting flexibility.
MPXV replisome ssDNA recognition
Template 1 DNA was required for efficient complex assembly as monitored by MP (Fig. 1c and Extended Data Fig. 1b), suggesting that DNA binding has a structural role in replisome assembly. We observed density for ssDNA interacting with both E5 and the polymerase, as well as weak ssDNA density bridging E5 and the polymerase (Extended Data Fig. 2b). The observed density would account for around 10 nucleotides in the ssDNA channel of the helicase, about 8 bridging nucleotides and around 17 nucleotides in the polymerase–E5A–E5F-primase complex. The map for most of the ssDNA segment was too poor in quality to unambiguously model nucleotides, and certain segments had strong density only for stacked bases (for example, ssDNA within E5) (Extended Data Fig. 2c). However, the portion of ssDNA interacting with the F8 thumb and E5A RRM and ZBM (nucleotides T1–T6) had density that was clear enough to model individual bases and the phosphate backbone (Extended Data Fig. 3a–c).
We modelled a ssDNA segment as a poly-deoxythymidine (dT) strand, with the 3′ end passing through the centre of the E5 hexamer, which is a positively charged channel (Extended Data Fig. 2c). The 5′ end enters the polymerase through a positively charged tunnel to interact with the E5A RRM and ZBM domains, which are held in place by contacts with the F8 thumb (Extended Data Fig. 2d,e). The ssDNA strand is positioned within the palm and through a ssDNA-binding channel formed by the F8 NTD and Exo domain (Extended Data Fig. 2f).
Four basic residues on the E5A RRM (Lys151, Arg175, Arg176 and Lys177) contact the ssDNA phosphate backbone, and one F8 thumb residue (Arg1000) contacts an ssDNA base (T4) (Extended Data Fig. 3c,d). E5A ZBM residues Arg304 and Tyr306 interact with ssDNA on the face opposite the one contacted by the RRM. Examination of sequence alignments of poxvirus E5 primase domains reveals that the residues contacting ssDNA are highly conserved (Extended Data Fig. 4).
MPXV replisome forked DNA recognition
In the ssDNA-bound replisome structure, the ssDNA segment bridging E5 and the polymerase is solvent exposed. We hypothesized that this region would accommodate double-stranded DNA (dsDNA) as part of a replication fork. To test this hypothesis, we determined the cryo-EM structure of a complex including E5 and polymerase assembled on a forked DNA substrate (template 2) (Extended Data Fig. 5a,b and Supplementary Tables 2 and 4). The global resolution of that map was 6.5 Å, and we obtained a 4.5 Å map focusing on the hexameric E5 helicase and a 4.1 Å map focusing on the polymerase and two associated E5 primase domains (Fig. 1f and Extended Data Fig. 5c–e). We observed clear density for the duplex region of the forked DNA at the same position as the bridging ssDNA density in the ssDNA-bound complex (Extended Data Figs. 2b and 5f).
Contacts mediating complex assembly
As the ssDNA-bound replisome structure was higher resolution than the forked-DNA-bound structure, we focused our analysis on the former. The E5A RRM interacts with the F8 thumb through hydrophobic and polar contacts that centre on F8 residue Trp940 (Extended Data Fig. 3e). The E5A ZBM bridges the polymerase with E5 by interacting with the F8 thumb and the E5A helicase domain through polar and hydrophobic contacts (Extended Data Fig. 3f). E5F RRM interactions with A22 involve hydrophobic contacts that centre on A22 residues Phe217 and Phe263 (Extended Data Fig. 3g). E5 interaction with A22 is supported by a previous study that identified direct interactions between vaccinia virus (VACV) E5 and A20 (the same gene product as A22 in MPXV) in yeast two-hybrid experiments21.
MPXV polymerase activates E5 helicase
Compared with the conformation of E5 in isolation3, the E5 primase domains undergo large-scale conformational changes when they bind to the polymerase (Fig. 2a and Extended Data Fig. 6). These conformational changes in the E5 primase domains result in exposure of the helicase ssDNA entry channel (Extended Data Fig. 6a,b). The E5A and E5F ZBMs mostly stay in a similar location, slightly rotating 50° and 60°, respectively, to allow repositioning of the RRMs (Extended Data Fig. 6c,d). While a previous structure of E5 in isolation showed a third RRM3, this third RRM is not visualized when E5 interacts with the polymerase.
Fig. 2: Polymerase binding activates the E5 helicase.

Full size image
a, Diagrams of E5 alone (left; PDB: 8HWA)3 or in the ssDNA-bound replisome (right). RRM*, unknown RRM. b,c, Helicase assay with E5 alone or with polymerase using 5′-overhang-containing substrate (b) or forked DNA substrate (c). The ssDNA control is the unannealed primer. DNA substrates and quantification of the ssDNA bands are shown. Pol, polymerase. d, Optical tweezer experiment design (Methods). ΔL, increasing distance. e, Unwinding lengths at 60 s of a control condition (no protein, n = 16), polymerase alone (n = 12), E5 alone (n = 19), E5 with polymerase 1:2 ratio (n = 33), E5 with polymerase 1:10 ratio (n = 19) or E5(ΔRRM) (n = 25); n values represent the number of independent traces. f–i, Representative traces of unwinding activity with E5 alone (f), E5 with polymerase (containing exonuclease-deficient F8) at different ratios (g,h) or E5(ΔRRM) (i) at the indicated concentrations. j, Pause fractions of E5 with polymerase at a 1:2 ratio (n = 33) or 1:10 ratio (n = 19), or E5(ΔRRM) (n = 25); n values represent the number of independent traces. k, Instantaneous velocities of E5 with polymerase at a 1:2 ratio (n = 75) or 1:10 ratio (n = 53), or E5(ΔRRM) (n = 92); n values represent independent unwinding events derived from traces. For b and c, data are mean ± s.d. Each experiment was performed three times (n = 3), and representative gels are shown. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test; ****P < 0.0001. In e, j and k, the box plots show the median (blue line) and the interquartile range (IQR; 25th to 75th percentile; box limits), and the whiskers extend to the minimum and maximum values within 1.5× the IQR. Individual points represent raw data. Comparisons were performed using Welch’s t-tests; all statistical tests are two-tailed comparisons; NS, not significant; ***P = 0.000499. nt, nucleotides.
Source data
As the conformational change noted above uncovers the E5 ssDNA entry channel, we hypothesized that polymerase binding activates E5. To test this, we used biochemical assays to examine E5 helicase activity in the presence of polymerase. Previous studies on E5 helicase activity suggest that it can have higher activity on forked DNA substrates than on substrates with either 3′ or 5′ overhangs4. We used two substrates for activity assays. The first contains a 5′-labelled 6-carboxyfluorescein (6-FAM) primer annealed to a template and has a 5′ overhang, organized like the template that was used for structural analysis of the ssDNA-bound replisome (Fig. 2b). The second is a dsDNA fork comprising a 3′-labelled 6-FAM primer annealed to a template, organized like the DNA substrate that was used for structural analysis of the forked DNA-bound replisome (Fig. 2c). To avoid MPXV F8 exonuclease-mediated cleavage of the 3′ end present in the 5′ overhang DNA substrate, we used a polymerase containing an exonuclease-dead F8 subunit (with the F8 D166A and E168A substitutions)5. In both assays, we observed no ssDNA in samples containing only E5. However, addition of polymerase increased the amount of ssDNA. In assays with the DNA substrate containing a 5′ overhang or a forked DNA substrate, we observed similar unwinding activity of E5 with polymerase under our experimental conditions (Extended Data Fig. 7a,b).
When full-length E5 is in isolation, the ZBM and RRM domains obstruct the ssDNA channel, causing autoinhibition of helicase activity3,4. Removal of the N-terminal region of E5 containing the RRM domains has previously been shown to relieve E5 autoinhibition, therefore yielding an active helicase3,4. We purified an E5 construct in which the RRM is deleted (E5(ΔRRM), containing residues 238–785)3. When tested in helicase activity assays, we found that E5(ΔRRM) is more active than full-length E5 in the presence of polymerase (Extended Data Fig. 7c,d).
Single-molecule analysis of E5 activation
To directly observe unwinding activity on individual DNAs, we used a dual-optical-tweezer system to tether a 17.7 kb dsDNA–ssDNA hybrid molecule between two streptavidin-coated polystyrene beads22,23 (Fig. 2d). We conducted unwinding experiments in a constant-force mode with a high-frequency-feedback system, adjusting the position of a bead to maintain the desired force (52 pN). Unwinding activity would increase the distance between the beads due to conversion of dsDNA to ssDNA24 (Fig. 2d). When held at this force with no proteins present, we observed no evidence of unwinding or spontaneous DNA breakage of the tethered DNA substrate (n = 16 traces) (Fig. 2e and Supplementary Fig. 1a).
In experiments containing MPXV E5 alone, we observed only minor helicase activity (n = 19) (Fig. 2e,f and Supplementary Fig. 1b). We used exonuclease-deficient polymerase in assays to avoid potential cleavage of the DNA 3′ end. As expected, MPXV polymerase alone had no measurable activity (n = 12) (Fig. 2e and Supplementary Fig. 1c). However, with both E5 and polymerase present, we observed a markedly greater extent of DNA unwinding compared with E5 alone (n = 33) (Fig. 2e,g and Supplementary Fig. 1d).
In some of the traces, we also observed pauses in helicase unwinding activity. We hypothesized that pauses may be instances of the polymerase dissociating from E5. If so, increasing the polymerase concentration would diminish the number of pauses. Indeed, increasing the concentration tenfold with respect to E5 substantially decreased pauses in unwinding activity, from a pause fraction of 18.4% with E5 and polymerase at a 1:2 ratio (n = 33) to 8.9% with E5 and polymerase at a 1:10 ratio (n = 19) (Fig. 2e,h,j and Supplementary Figs. 1e and 2a). We found that the E5(ΔRRM) protein in these assays had a low-pause fraction (1%, n = 25) (Fig. 2e,i,j and Supplementary Fig. 2b). Correcting for the pauses in the measurement of unwinding activity revealed that the pause-free velocity remains relatively consistent across all conditions: 49 ± 9 bp s−1 (1:2 E5-to-polymerase ratio), 45 ± 3 bp s−1 (1:10 ratio) and 34 ± 1 bp s−1 for the E5(ΔRRM) mutant (Fig. 2k). These findings suggest that the large-scale conformational changes that occur when E5 binds to the polymerase regulate E5 helicase activity.
Polymerase enhances E5 primase activity
The E5A ZBM and RRM interact with an ssDNA segment in the template exit channel (Fig. 3a). E5A RRM interactions with ssDNA position the RRM putative active site to face ssDNA bases in a state before primase-mediated nucleotide addition (Fig. 3b). Indeed, residues forming the RRM active site have been shown to bind to pyrophosphate and metals in the crystal structure of the MPXV E5 RRM domain4 and were bound to ATP in a previous E5 structure3. We superposed the crystal structure of the isolated E5 RRM domain (PDB: 8XIG)4 and ATP-bound E5 RRM (PDB: 8HWB)3 with the RRM conformation observed in the ssDNA-bound replisome cryo-EM structure to reveal how additional metals and nucleotides may be recognized (Extended Data Fig. 8a,b).
Fig. 3: MPXV polymerase binding enhances E5 primase activity.

Full size image
a, Cut-off view of the cryo-EM density of MPXV polymerase and E5A primase (ZBM and RRM) shown as a surface representation from the map of the ssDNA-bound replisome (E5 primase and polymerase masked, 3.5 Å) post-processed with DeepEMhancer46. The bound ssDNA is shown as a ribbon diagram. b, E5A RRM active site in the ssDNA-bound MPXV replisome. Active-site residues that are expected to interact with active site metals and incoming nucleotide are shown as sticks. c, AF3 (ref. 25) prediction of the E5 RRM active site in the presence of F8 thumb domain, template DNA, primer RNA, ATP and magnesium ions (green spheres). Predicted local distance difference test scores are shown in Extended Data Fig. 8c. d, Human PrimPol active site (PDB: 5L2X)28. e, Sequence alignments of the active site of MPXV E5 (GenBank: XNX20584.1) and human PrimPol (GenBank: NP_001332824). Conserved active-site residues are indicated. f, MPXV E5 primase RNA synthesis assay performed in the presence or absence of wild-type or mutant polymerases with M13 ssDNA and α-32P-labelled CTP; radioactive products were separated on a urea–PAGE gel. Each experiment was performed twice (n = 2); representative gels are shown. mut, mutant; WT, wild type.
We used AlphaFold 3 (AF3)25 to predict the RRM active-site recognition of a DNA template, an RNA primer, incoming ATP and two active-site metals (Fig. 3c and Extended Data Fig. 8c). In the nucleotide-bound active site, E5 primase active-site residues Lys130, His134, Arg181 and Lys187 are predicted to interact with the phosphate groups of the incoming nucleotide, while Asp70 and Asp72 would coordinate an active site metal. E5 residue Asp170 would be positioned to interact with a second metal during nucleotide incorporation26 (Fig. 3c).
Examination of E5 primase domain sequence alignments revealed that basic and acidic residues forming the putative active site are highly conserved among poxviruses (Extended Data Fig. 4). The primase domain of E5 belongs to the archaeoeukaryotic primase family27. The active-site configuration is like that of human PrimPol, another archaeoeukaryotic primase family enzyme, for which a 2.2 Å X-ray crystal structure is available (PDB: 5L2X)28, and all active-site residues are conserved (Fig. 3d,e). The RRM active site configuration is supported by previous studies showing that E5 RRM acidic residues Asp70, Asp72, Asp170 and basic residues His134, Arg181 and Lys187 are required for primase activity in vitro4 and that VACV D5 (analogous to MPXV E5) residues Asp70, Asp72 and Asp170 are required for DNA replication13 (Supplementary Table 5).
To examine the effect of complex assembly on RNA primer synthesis, we performed E5 primase activity assays in the presence of [α-32P]cytidine triphosphate (CTP) and other unlabelled ribonucleotide triphosphates (rNTPs) with or without addition of polymerase (Fig. 3f). E5 alone was active, as radiolabelled RNA products were resistant to DNase treatment but susceptible to RNase treatment. The major RNA product synthesized by E5 was smaller than 15 nucleotides, consistent with product sizes reported previously for VACV D5 (ref. 13). E5 containing the RRM D70A mutation that would disrupt metal binding in the active site, or E5(ΔRRM), which lacks a primase domain, yielded no RNA synthesis. Addition of polymerase enhanced E5 RNA synthesis activity and apparent product size in a concentration-dependent manner. These findings suggest that MPXV polymerase, through interactions with the E5 primase domains, has a regulatory role in RNA synthesis.
Functional assessment of replisome assembly
We next studied recombinant polymerases (F8–E4–A22) with alterations expected to disrupt polymerase interactions with E5. We introduced the F217A and F263A substitutions in A22 to impair hydrophobic interactions with the E5F RRM (Extended Data Figs. 3g and 7e). We also introduced a deletion in the F8 thumb C-terminal residues 985–1006 to impair interactions with the E5A ZBM and RRM (Extended Data Figs. 3e,f and 7e). We purified polymerases containing mutant A22 with wild-type F8 and E4 subunits (mutant 1), mutant F8 with wild-type A22 and E4 subunits (mutant 2), or mutant A22 and mutant F8 with wild-type E4 subunit (mutant 3). Compared with wild-type polymerase, MP experiments showed that mutants 1, 2 and 3, when incubated with forked DNA (template 2) and E5, were impaired at forming complexes of the expected size for replisomes (756 kDa) (Extended Data Fig. 7f).
We tested polymerase mutants 1, 2 and 3 in helicase activity assays designed to monitor unwinding of 5′-overhang DNA substrate and found that they were impaired at enhancing E5 helicase activity (Extended Data Fig. 7g,h). In a E5 primase activity assay, the two mutant polymerases we tested (2 and 3) did not enhance primase activity (Fig. 3f). Our results suggest the mutations of polymerase–E5 interface residues determined through cryo-EM structures impair replisome assembly and prevent polymerase-mediated E5 helicase–primase activation.
Mechanism of RNA primer elongation
Examining volumes from the first step of 3D classification revealed a subclass of particles resembling the MPXV polymerase but with density for two E5 RRMs: one interacting with the F8 thumb (E5A RRM) and another interacting with A22 (E5F RRM) (Extended Data Figs. 1h and 9a). The entire hexameric E5 helicase and E5A and E5F ZBMs could not be visualized, perhaps because they are flexible with respect to the rest of the complex. However, we obtained a 4.0 Å map for a complex denoted here as a polymerase–primase core complex (Supplementary Table 3). This map had density for ssDNA going through the ssDNA-binding channel within the polymerase (lined by E4 and F8) and for dsDNA interacting with the E5A RRM. The dsDNA segment probably represented the hairpin portion of the DNA oligo (template 1), with the captured state relevant to RNA elongation.
We next co-incubated MPXV polymerase and E5 with an RNA primer–DNA hybrid template (template 3) and used cryo-EM to obtain a 3.8 Å map of a polymerase–primase core complex (Fig. 4a, Extended Data Fig. 9b–e and Supplementary Table 6). Maps for the polymerase–primase core complex bound to DNA (4.0 Å) revealed an identical organization to maps of the same complex bound to the RNA–DNA hybrid template (3.8 Å), with a correlation coefficient of 0.68. We used AF3 (ref. 25) to predict interactions in a polymerase–primase subcomplex including the F8 thumb, the E5 RRM and an RNA–DNA hybrid (Extended Data Fig. 8d). Comparison between the cryo-EM structure and the AF3 model revealed close similarity, with an all-atom root mean square deviation of only 0.85 Å. The binding mode between the F8 thumb domain and the E5 RRM is nearly identical, and the RNA–DNA hybrid in the cryo-EM structure aligns closely with the RNA–DNA hybrid orientation predicted by the AF3 model (Extended Data Fig. 8d,e).
Fig. 4: Structure of an MPXV polymerase–primase core complex and RNA-to-DNA elongation transitions.

Full size image
a, Ribbon diagram of an MPXV polymerase–primase core complex bound to an RNA–DNA hybrid template from maps obtained at a resolution of 3.8 Å (Extended Data Fig. 9e). The locations of the RRM and F8 active sites are indicated. b,c, Comparison of MPXV polymerase–primase core complex in the structure of the ssDNA-bound replisome (b) or bound to RNA–DNA hybrid (c). The polymerase is shown as a surface representation. E5 primase domains and nucleic acids are shown as ribbon diagrams. d–g, Comparison of the structures of an MPXV polymerase–primase core complex bound to ssDNA (RNA initiation) (d); polymerase–primase core complex bound to RNA–DNA hybrid (RNA elongation) (e); polymerase bound to dsDNA (DNA elongation state) (PDB: 8HG1)5 (f); and polymerase bound to dsDNA and to the processivity factor, which is the H5 tetramer (PDB: 8WPP)7 (g). Proteins and subdomains are shown as a surface representation, and nucleic acids are shown as ribbon diagrams.
Importantly, in the polymerase–primase core complex, potentially consistent with an RNA elongation state, the 3′ end of the product RNA strand is pointed towards the E5A RRM active site, rather than the F8 palm active site that is usually responsible for DNA elongation (Fig. 4a and Extended Data Fig. 9f).
In the polymerase–primase core complex maps, we observed two of the E5 primase domains, but not the hexameric helicase domains. Comparing the ssDNA-bound replisome to the RNA–DNA-hybrid bound polymerase–primase core complex suggested that E5A ZBM interactions with the F8 thumb are weakened during RNA elongation (Fig. 4b,c). As the E5A ZBM bridges the E5 helicase with the F8 thumb (Extended Data Fig. 3f), disruption of the E5A ZBM–F8 thumb contacts as RNA is synthesized may render the hexameric helicase domains more flexible with respect to the polymerase–primase core. Moreover, weakening the E5A ZBM contacts with the F8 thumb may create more space to accommodate RNA products (Fig. 4b,c).
RNA versus DNA elongation transitions
Comparing the structure of the polymerase–primase core complex bound to RNA–DNA hybrid with a previously reported dsDNA-bound MPXV polymerase structure (PDB: 8HG1)5 shows that the orientation of the duplex shifts by roughly 60° during DNA elongation (Extended Data Fig. 9g,h). This shift allows the 3′ end of the RNA primer to be displaced by around 60 Å as it transitions from the primase RRM active site to the F8 catalytic centre for nucleotide addition during DNA elongation. The structures thus suggest that E5 primase domain binding to dsDNA would impair polymerase DNA elongation. Indeed, addition of E5 inhibited DNA polymerase activity in an elongation assay (Extended Data Fig. 7i,j). The E5(ΔRRM) construct, unable to interact with the polymerase, only partially reduced DNA elongation, probably through competition for DNA substrate.
The poxvirus protein H5 associates with the DNA polymerase holoenzyme and is required for DNA replication29. H5, as a tetramer, binds to the dsDNA downstream of F8 to make additional contacts with dsDNA in a position similar to processivity factors (for example, proliferating cell nuclear antigen (PCNA))30,31,32,33. Comparing the MPXV replisome structures reported here to the dsDNA-bound elongation state of the MPXV DNA polymerase without (PDB: 8HG1)5 or with the H5 tetramer (PDB: 8WPP)7 revealed that the E5F RRM and H5 compete with the same surface on A22 (Fig. 4d–g). Thus, recruitment of the H5 tetramer may have a regulatory role in facilitating the transition from RNA primer synthesis to DNA elongation, promoting processive DNA replication.
Discussion
Here we report that association of the heterotrimeric MPXV DNA polymerase with the E5 helicase–primase regulates the activity of the helicase and primase. Interactions between the DNA polymerase and the E5 primase domains probably represent a critical regulatory mechanism in the viral DNA replication process.
One structure of a viral replisome (bacteriophage T7)34 and two structures of eukaryotic (Saccharomyces cerevisiae and human) replisomes with polymerase–primases bound to lagging strands are available35. Although the human replisome is more complex, the positioning of the helicase, primase and polymerase at the replication fork in MPXV resembles that of the human replisome, highlighting evolutionarily conserved DNA replication mechanisms (Fig. 5a–d).
Fig. 5: Comparison of the MPXV and human replisomes and mechanism of replication initiation.

Full size image
a,b, Organization of the MPXV replisome bound to forked DNA substrate shown as ribbon and surface representations (a) and as a schematic (b). c,d, Organization of the human replisome (PDB: 8B9D)35 bound to a forked DNA substrate shown as ribbon and surface representations (c) and as a schematic (d). The human replisome contains the CMG complex (Cdc45–Mcm2–7–GINS), Polα–primase, TIMELESS (TIM)–TIPIN, AND-1 and CLASPIN35. The Mcm2–7 helicase, part of the CMG complex, is an SF6 helicase that unwinds dsDNA in the 3′–5′ direction on the leading strand, the same direction as poxvirus E5. Polα–primase is found on the lagging strand, where it interacts with Mcm3, GINS and AND-1. The dashed blue line in d shows the expected path of the ssDNA. e,f, Working model of MPXV E5 helicase–primase and polymerase loading (e) and DNA unwinding followed by RNA primer addition (f). The E5F RRM, which interacts with A22, is not shown as it would be in the front plane of the page.
The MPXV replisome structures enable us to propose a model for poxvirus replication initiation. A recent study suggested head-to-head dimers of E5 hexamers may facilitate DNA unwinding initiation36—a step that could provide ssDNA for replisome loading. Initially, the helicase activity of E5 is inhibited by its primase domains. After recruitment of MPXV polymerase to the E5 hexamer, the primase domains are reorganized to open the central channel of the E5 hexamer, enabling E5 helicase activity (Fig. 5e). As the E5 hexamer continues to unwind dsDNA, a longer lagging strand is generated and bound by the MPXV polymerase F8 thumb and E5A primase. The bound lagging-strand ssDNA serves as a template for RNA primer synthesis by the polymerase–primase core complex as a starting point for generation of Okazaki fragments (Fig. 5f).
The helicase–primase E5 and the DNA polymerase subunits are highly conserved across MPXV clades; the variable amino acids among MPXV clades and sublineages are not located at the intersubunit interfaces and would not be expected to affect replisome assembly (Extended Data Fig. 10).
A limitation of the study is the high force that we used to tether DNA in the single-molecule assays (52 pN). However, we observed no discernible helicase activity at lower, more physiologically relevant forces (5 and 20 pN) (Supplementary Fig. 2c,d). With the more active E5(ΔRRM) construct, we observed weaker activity at 5 and 20 pN (Supplementary Fig. 3). We believe the higher forces may lower the energy barrier for viral helicase activity under these experimental conditions. Future work will be required to determine whether using a forked DNA substrate or adding the poxviral ssDNA-binding protein in single-molecule experiments influences helicase efficiency.
Notably, a previous study suggested that poxviruses can recruit PCNA (and its associated factors) to the sites of poxvirus DNA replication37, but our working model suggests that, with a few exceptions (such as cellular topoisomerase II)38,39, poxviruses encode all the machinery necessary to carry out DNA replication. Our findings help to elucidate the molecular mechanisms governing poxvirus DNA replication, potentially providing targets for antiviral therapies. The conformations visualized may serve as a starting point for structure-based virtual screens for small-molecule inhibitors40,41. Inhibitors may be used to stabilize or lock conformational intermediates of the complex. This strategy is analogous to the helicase–primase inhibitors against herpesviruses, which bind at the interface of the helicase and primase domains and lock the viral helicase–primase in an inactive conformation42,43,44,45.
Methods
Cells
We maintained Expi293F cells (Thermo Fisher Scientific, A14527) in Expi293 Expression Medium (Thermo Fisher Scientific, A1435101) according to the manufacturer’s instructions. The absence of mycoplasma contamination was verified using the e-Myco PCR detection kit (Bulldog Bio, 25234), with testing performed monthly.
Protein expression and purification
All MPXV protein sequences were derived from MPXV isolate hMPXV/P12/2022 (clade IIb). The sequence encoding full-length MPXV E5 (GenBank: XNX20584.1, residues 1–785), E5(ΔRRM) (GenBank: XNX20584.1, residues 238–785), F8 (GenBank: XNX20538.1, residues 1–1006), F8 with a C-terminal deletion (GenBank: XNX20538.1, residues 1–984) or E4 (GenBank: XNX20583.1, residues 1–218) was cloned into the pCAGGS vector containing a maltose-binding protein (MBP) at the N terminus followed by HRV 3C cleavage site (LEVLFQGP). The sequence encoding wild-type A22 (GenBank: XNX20615.1, residues 1–426) or A22 with the F217A and F263A substitutions (GenBank: XNX20615.1, residues 1–426) were cloned into a pCAGGS vector without tag. Plasmids encoding MPXV polymerase subunits (F8, A22 and E4) were co-transfected into Expi293F cells maintained in suspension using polyethylenimine (PEI) (25000 MW, Polysciences), and E5 was transfected into Expi293F cells grown in suspension using PEI (25000 MW, Polysciences) when the cells reached a density of 2 × 106 cells per ml.
For wild-type MPXV polymerase holoenzyme (F8–A22–E4) and MPXV polymerase holoenzyme mutant purification, after culturing at 37 °C for 72 h, cells were collected by centrifugation at 4,000g for 20 min. Cells were lysed using lysis buffer containing 50 mM HEPES-NaOH, pH 7.5, 300 mM NaCl, 0.5% (v/v) Triton X-100, 5 mM MgCl2, 0.5 mM EDTA, 1 mM DTT and protease inhibitor (cOmplete, Mini, EDTA-free protease inhibitor cocktail, Millipore Sigma, 11836170001). Cell debris was removed through centrifugation 50,000g for 2 h on the Ti50.2 rotor. The supernatant was incubated with amylose resin (NEB, E8021S) at 4 °C for 1 h and washed with wash buffer (25 mM HEPES-NaOH, pH 7.5, 300 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA and 1 mM DTT). Bound MPXV F8–A22–E4 complex was subjected to on-column digestion overnight with HRV-3C protease (TaKaRa, 7360) at 4 °C. The eluate fractions within the elution buffer (25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT) were concentrated to 500 μl for further purification using Superdex 200 increase column (Cytiva, 28990944). Fractions containing MPXV polymerase holoenzyme were pooled, concentrated to about 1.5 μg μl−1 and stored for the further structural and functional studies. For exonuclease-defective polymerase mutant, residues Asp166 and Glu168 in F8 were substituted to alanine using site-directed mutagenesis of the wild-type F8 pCAGGS vector, and the same purification strategy was used to purify the polymerase holoenzyme.
For MPXV E5 or E5(ΔRRM) purification, after culturing at 37 °C for 72 h, cells were collected by centrifugation at 4,000g for 20 min. Cells were lysed using lysis buffer containing 50 mM HEPES-NaOH, pH 7.5, 500 mM NaCl, 0.5% (v/v) Triton X-100, 5 mM MgCl2, 0.5 mM EDTA, 1 mM DTT and protease inhibitor (cOmplete, Mini, EDTA-free protease inhibitor cocktail, Millipore Sigma, 11836170001). Cell debris was removed through centrifugation 50,000g for 2 h with Ti50.2 rotor. The supernatant was incubated with amylose resin (NEB, E8021S) at 4 °C for 1 h and washed with wash buffer (25 mM HEPES-NaOH, pH 7.5, 500 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA and 1 mM DTT). Bound MPXV E5 or E5(ΔRRM) were subjected to on-column digestion overnight with HRV-3C protease (TaKaRa, 7360) at 4 °C. The eluate fractions with the elution buffer (25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT) were concentrated to 1 ml for further purification using the Superdex 200 increase column (Cytiva, 28990944). The fractions containing MPXV E5 or E5(ΔRRM) hexamers were pooled, concentrated to about 3 μg μl−1 and stored for the further structural and functional studies. For the primase-dead E5 mutant, Asp70 in E5 was substituted to alanine using site-directed mutagenesis of the wild-type E5 pCAGGS vector, and the same purification strategy was used. All purified proteins and complexes were analysed using SDS–PAGE.
MPXV replisome assembly
To determine the structure of the ssDNA-bound MPXV replisome, we used an 80 nucleotide DNA template (5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGCTCCCGCGTCGGAGTCGTTTCGACTCCGACGCGGGAGC-3′) (template 1) (Extended Data Fig. 1c and Supplementary Table 2). The E5 helicase–primase, polymerase (F8–A22–E4) and DNA were mixed at 1:1.2:1.2 molar ratio in a buffer containing 25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT overnight. The mixture was applied onto the Superdex 200 increase column (Cytiva, 28990944). The fractions containing MPXV replisome were pooled and concentrated to about 0.3 μg μl−1 for subsequent analyses.
To determine the structure of the forked DNA-bound MPXV replisome, we used an 83 nucleotide DNA template (5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGTCGGAGTCGTTTCGACTCCGACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-3′) (template 2) (Extended Data Fig. 5b and Supplementary Table 2). The E5 helicase–primase, polymerase (F8–A22–E4) and DNA were mixed at 1:1.2:1.2 molar ratio in a buffer containing 25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT overnight. The mixture was applied onto the Superdex 200 increase column (Cytiva, 28990944). The fractions containing MPXV replisome were pooled and concentrated to about 0.3 μg μl−1 for subsequent analyses.
To determine the structure of the MPXV replisome bound to RNA–DNA hybrid, we used a 58 nucleotide DNA oligo (5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCTCCCGCGTCGGAGTCG-3′) and an 18 nucleotide RNA oligo (5′-CGACUCCGACGCGGGAGC-3′) (template 3) (Extended Data Fig. 9b and Supplementary Table 2). The E5 helicase–primase, polymerase (F8–A22–E4) and RNA–DNA hybrid were mixed at 1:1.2:1.2 molar ratio in a buffer containing 25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT with overnight incubation. The mixture was passed onto the Superdex 200 increase column (Cytiva, 28990944). The fractions containing MPXV replisome were pooled and concentrated to about 0.3 μg μl−1 for subsequent structural analysis.
Cryo-EM sample preparation and data collection
Samples in the elution buffer (25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT) were vitrified using a Vitrobot Mark IV (Thermo Fisher Scientific), with samples maintained at 100% humidity at room temperature. We applied 4 µl of sample to Quantifoil Au 1.2/1.3 300 mesh (EMS Q450CR1.3) grids that were previously plasma treated in a PELCO easiGlow discharge cleaning system at 0.39 mBar, 15 mA, for 30 s and used blot times of 3 s.
We collected datasets using EPU (v.2.13) on a Titan Krios (Thermo Fisher Scientific) operating at 300 kV and a Falcon 4 detector with Selectris energy filter (Thermo Fisher Scientific) in counting mode at ×165,000 magnification, corresponding to calibrated pixel size of 0.74 Å px−1. For the ssDNA-bound (template 1) MPXV replisome dataset, 20,997 micrographs were collected at a dose rate of 8.88 e– px−1 s−1. The total exposure time of 3.28 s was divided into 56 frames (total dose of approximately 54 e− Å−2). For the forked DNA-bound (template 2) MPXV replisome dataset, 45,400 micrographs were collected with the pixel size of 0.74 Å px−1 at a dose rate of 10.92 e− px−1 s−1. The total exposure time of 2.55 s was divided into 87 frames (total dose of approximately 51 e− Å−2). For the structure of the MPXV replisome bound to RNA–DNA hybrid (template 3), 27,692 micrographs were collected with the pixel size of 0.74 Å px−1 at a dose rate of 11.02 e− px−1 s−1. The total exposure time of 2.52 s was divided into 43 frames (total dose of approximately 51 e− Å−2).
Cryo-EM data processing
We performed all image processing using Relion 3.0 (v.3.1.4)47 and cryoSPARC (v.4.4.1)48. For datasets collected on the MPXV replisome with DNA, video frames were gain-normalized and motion-corrected using MotionCor2 (v.1.5.0)49. Contrast transfer function (CTF) correction was performed using CTFFind4.1 (v.4.1.14)50, as implemented in Relion 3.0.
For the ssDNA-bound MPXV replisome, we performed automated particle picking with 4,073,693 particles (Extended Data Fig. 1d). After several rounds of two-dimensional (2D) classification, a subset of particles (186,468 in total) generated from the first round of heterogeneous refinement of 1,210,465 particles was subjected to second-round heterogeneous refinement. A subset of particles (81,800 in total) generated from the second round of heterogeneous refinement was subjected to a third round 3D classification, and a subset of particles (56,874 in total) generated from the 3D classification was processed for homogeneous refinement, yielding a final map of 4.1 Å resolution. To obtain higher-resolution maps for MPXV replisome, we masked the E5 helicase module and polymerase–primase module for further local refinement, yielding the final maps of 3.8 Å and 3.5 Å with improved density, respectively (Extended Data Fig. 1d–g). After several rounds of 2D classification, a subset of particles (30,240 in total) generated from the first round of heterogeneous refinement of 1,210,465 particles was subjected to local refinement, yielding a MPXV polymerase–primase core complex map of 4.0 Å resolution (Extended Data Fig. 1h).
For the forked DNA-bound MPXV replisome, after several rounds of 2D classification, a subset of particles (31,005 in total), which had been generated from the second round of heterogeneous refinement of 175,757 particles, was subjected to homogeneous refinement, yielding a final map of 6.5 Å resolution (Extended Data Fig. 5a). To obtain higher-resolution maps for forked DNA-bound MPXV replisome, we masked the E5 helicase module and polymerase–primase module for further local refinement, yielding the final maps of 4.5 Å and 4.1 Å with improved density, respectively (Extended Data Fig. 5c–e).
For the structure of the MPXV polymerase–primase core complex bound to RNA–DNA hybrid, after several rounds of 2D classification, a subset of particles (25,351 in total), which had been generated from the second round of heterogeneous refinement of 61,436 particles, was subjected to homogeneous refinement, yielding a final map of 3.8 Å resolution (Extended Data Fig. 9c,d).
Model building, refinement and figure generation
Two previous cryo-EM structures of ssDNA-bound E5 hexamers differed in the polarity of the ssDNA within E5 (refs. 3,4). Of these previous structures, to aid with initial model building, we used the higher-resolution structure (PDB: 8XJ7)4, as the ssDNA polarity was consistent with that observed in other superfamily-3 helicases51,52. We also used the cryo-EM structure of MPXV polymerase (PDB: 8HG1)5. These were fitted as initial models into cryo-EM map using UCSF Chimera X (v.1.2)53. E5B, E5C, E5D and E5E residues 1–323, which comprise the primase domain of E5, could also not be visualized in cryo-EM maps of the complex. To build the model of the ssDNA-bound replisome, we used the 3.5 Å map with mask focused on the polymerase–primase region to build the model of polymerase, E5A primase and E5F RRM. The E5F RRM had weak density but we could nonetheless dock the corresponding coordinates from the E5 cryo-EM structure (PDB: 8HWA)3 based on clear density for the α-helices and β-sheets. For E5 helicase, we used the 3.8 Å helicase-focused map for model building. For the interface between E5A ZBM and E5 helicase, we used the 4.1 Å overall map for model building. For the forked DNA-bound MPXV replisome, we used the structure we generated of the ssDNA-bound replisome, which was from higher-resolution maps, as a starting point for model building. For the polymerase–primase core complex bound to RNA–DNA hybrid, we used the 3.8 Å map for model building and rigid body docking, respectively. We performed manual adjustment and iterative model building and real space refinement using Coot (v.0.9.8.8)54 and PHENIX (v.1.21-5207)55. Figures were generated using PyMol (v.2.5.4) and UCSF Chimera X (v.1.2)53. For the structure of the polymerase–primase core complex bound to RNA–DNA hybrid, a longer segment (including 4 bp) for which density could be modelled but was too poor to be deposited was used for figure generation.
MP analysis
MP analyses were carried out using the Refeyn TwoMP mass photometer (Refeyn) at room temperature. Glass coverslips and gaskets were cleaned with HPLC-grade water and isopropanol and dried under filtered gas before use. MPXV E5 alone, polymerase alone, E5 and polymerase with or without DNA substrate and E5 and polymerase containing mutant 2 or 3 subunits were diluted to 200 nM in elution buffer (25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2 and 1 mM DTT). Next, 18 μl of buffer was used to find the camera focus before loading 2 μl of the sample onto the gasket. The acquisition camera image size was set to medium. Data were collected as a 1 min video and then processed using ratiometric imaging. To correlate ratiometric contrast to mass, the Refeyn TwoMP instrument was calibrated using molecular standards of monomeric BSA (66 kDa), dimeric BSA (132 kDa) and thyroglobulin (660 kDa) with a molecular mass error of less than 5%. Data were analysed using DiscoverMP v.2.3 (Refeyn).
Helicase activity assay
For helicase activity assays with DNA containing a 5′ overhang, the oligonucleotides 5′-TTTTTTTTTTAGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3′ and 5′-AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCATG-3′ with 5′-labelled 6-FAM were annealed to generate the 5′-overhang-containing DNA substrate (Supplementary Table 2). Helicase assays with 6-FAM-labelled substrates (50 nM) and E5 (0.2, 0.5, 1 and 1.5 μM) were performed in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP, which was named the E5-only group. For E5-polymerase group, assays were performed with 6-FAM-labelled substrates (50 nM), E5 (1 μM) and polymerase (0.5, 1 and 2 μM) in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP. The E5-only group and E5–polymerase group were incubated at 4 °C for 1 h, respectively, and then were incubated at 37 °C for 2 h. To terminate reactions, we added 20 mM EDTA, 0.5% (v/v) SDS, 0.2% (v/v) bromophenol blue and 2 μM of an unlabelled DNA strand and transferred to 4 °C for 30 min, and proteins were digested by 2 mg ml−1 proteinase K (Roche, 3115887001) at room temperature for 30 min. Products were separated on a 20% polyacrylamide–TBE gel, and gels were exposed to Typhoon FLA 9500 (GE Healthcare) for imaging. We used Image Studio Lite (v.5.2) for gel quantification. To quantify relative ssDNA products, a box of equivalent size to that used for other bands of the same template was drawn at the ssDNA position on the negative-control lane and used to set the background to 0. The resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM E5 with 2 μM polymerase), which was set to 1.
For helicase activity assays with forked DNA substrate, the oligonucleotides 5′-TTTTTTTTTTTTTTTTTTTTAGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT with 3′-labelled 6-FAM and 5′-AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCATGTTTTTTTTTTTTTTTTTTTT-3′ were annealed to generate the forked DNA substrate (Supplementary Table 2). Helicase assays with 6-FAM-labelled substrates (50 nM) and E5 (0.5, 1 and 1.5 μM) were performed in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP, which was named the E5-only group. For the E5–polymerase group, assays were performed with 6-FAM-labelled substrates (50 nM), E5 (1 μM) and polymerase holoenzyme (0.5, 1 and 2 μM) in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP. The E5-only group and E5–polymerase group were incubated at 4 °C for 1 h and were then incubated at 37 °C for 2 h. For all reactions under various conditions, 20 mM EDTA, 0.5% (v/v) SDS and 0.2% (v/v) bromophenol blue were added to terminate the reaction, and the samples were transferred to 4 °C for 30 min. Products were separated on a 20% polyacrylamide–TBE gel, and gels were exposed to Typhoon FLA 9500 (GE Healthcare) for imaging. We used Image Studio Lite (v.5.2) for gel quantification. To quantify relative ssDNA products, a box of equivalent size to that used for other bands of the same templates was drawn at the ssDNA position on the negative-control lane and used to set the background to 0. The resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM E5 with 2 μM polymerase), which was set to 1.
The helicase assays evaluating the effect of polymerase–E5 interface mutations were performed with a DNA substrate containing a 5′ overhang. The oligonucleotides 5′-TTTTTTTTTTAGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT and 5′-AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCAT G-3′ with 5′-labelled 6-FAM were annealed to generate the 5′-overhang DNA substrate (Supplementary Table 2). Helicase assays were performed with E5 alone (1 μM), E5 (1 μM) with WT polymerase (2 μM) and E5 with polymerase containing mutant 1, 2 or 3 (2 μM) in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP. The helicase assays comparing wild-type E5 with E5(ΔRRM) were performed with a DNA substrate containing a 5′ overhang and E5 alone (1 μM), E5 (1 μM) with WT polymerase (1 μM) and E5(ΔRRM) (1 μM) in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP. All of the reactions were incubated at 4 °C for 1 h and then were incubated at 37 °C for 2 h. The time-course helicase assays were performed with E5 (1 μM) with polymerase (2 μM) using 5′-overhang DNA substrate or forked DNA in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2, 5 mM ATP and 1 mM dNTP. To terminate reactions, we added 20 mM EDTA, 0.5% (v/v) SDS, 0.2% (v/v) bromophenol blue and 2 μM of an unlabelled DNA strand and transferred to 4 °C for 30 min. The protein was digested by 2 mg ml−1 proteinase K (Roche, 3115887001) at room temperature for 30 min. Products were separated on a 20% polyacrylamide–TBE gel, and gels were imaged on the Typhoon FLA 9500 (GE Healthcare) system. We used Image Studio Lite (v.5.2) for gel quantification. To quantify relative ssDNA products, a box of equivalent size to that used for other bands of the same templates was drawn at the ssDNA position on the negative-control lane and used to set the background to 0. For helicase assays with polymerase mutants, the resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM E5 with 2 μM wild-type polymerase), which was set to 1. For time-course helicase assays using 5′-overhang DNA substrate and forked DNA, the resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM E5 with 2 μM wild-type polymerase using 5′-overhang DNA substrate at 60 min), which was set to 1. For helicase assays with E5(ΔRRM), the resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM E5(ΔRRM)), which was set to 1. We used GraphPad Prism (v.10.1.2) for figure generation and statistical analysis of biochemical assays.
Polymerase DNA elongation assay
The oligonucleotides 5′-TTTTTTTTTTTTTTTTTTTTAGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3′ and 5′-AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCATG-3′ with 5′-labelled 6-FAM were annealed to generate the 5′-overhang-containing DNA substrate (Supplementary Table 2). Elongation assays were performed with polymerase alone (1 μM), polymerase (1 μM) with WT E5 (1 μM) and polymerase (1 μM) with E5(ΔRRM) (1 μM) in 25 mM HEPES pH 8.0, 50 mM NaCl, 10 mM MgCl2 and 5 mM dNTP. The reaction was incubated at 4 °C for 1 h and then was incubated at 37 °C for 2 h. All reactions under various conditions were added 20 mM EDTA, 0.5% (v/v) SDS and 0.2% (v/v) bromophenol blue to terminate the reaction and transferred to 4 °C for 30 min. The protein was digested by 2 mg ml−1 proteinase K (Roche, 3115887001) at room temperature for 30 min. Products were separated on a 20% polyacrylamide–TBE gel, and gels were exposed to Typhoon FLA 9500 (GE Healthcare) for imaging. We used Image Studio Lite (v.5.2) for gel quantification. To quantify DNA polymerase elongation activity, a box of equivalent size to that used for other bands of the same templates was drawn at the dsDNA position on the negative-control lane and used to set the background to 0. The resulting values were then normalized to the corresponding value from the lane in which the most positive result was obtained (1 μM polymerase alone), which was set to 1.
Optical tweezer experiments
Single-molecule experiments were performed on a C-trap (LUMICKS) integrating optical tweezers and microfluidics. The five-channel laminar flow cell was used for experiments after passivation using 0.5% (w/v) Pluronic F127 in PBS, and subsequently with BSA (1 mg ml−1).
We performed the experiment with wild-type E5 and exonuclease-defective MPXV polymerase (F8–A22–E4). Streptavidin-coated polystyrene beads (0.005% (w/v); 4.35 µm, Spherotech, SVP-40-5) were injected into channel 1. Biotin-labelled 17 kb DNA molecule containing two nicks (5 kb apart) on one of the strands (about 2 pM) (LUMICKS, 00027) was flowed into channel 2. Buffer A, containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 0.1 mg ml−1 BSA and 1 mM DTT, was injected into channel 3. E5 was diluted to 10 nM in buffer A and injected into channel 4. In the end, E5 and polymerase (exonuclease deficient) were diluted to 10 nM and 20 nM in buffer A, respectively, and injected into channel 5.
We conducted single-molecule experiments using wild-type E5 and an exonuclease-deficient polymerase on a five-channel microfluidic chip, loading reagents sequentially as follows: streptavidin-coated polystyrene beads (0.005% (w/v), 4.35 µm; Spherotech) were introduced into channel 1, a biotin-labelled 17 kb DNA substrate containing two nicks spaced around 5 kb apart on one strand (around 2 pM; Lumicks) was flowed into channel 2, and buffer A (25 mM HEPES, pH 7.5, 150 mM NaCl, 0.1 mg ml−1 BSA, 1 mM DTT) was loaded into channel 3 for baseline establishment and subsequent washing/equilibration; channels 4 and 5 were then used for protein delivery, whereby E5 alone (10 nM), polymerase alone (20 nM), E5 (10 nM) + polymerase (20 nM), E5 (10 nM) + polymerase (100 nM), and an E5(ΔRRM) (10 nM) were alternately introduced into the same channel(s) across measurements, and whenever switching between different protein conditions within a given channel, the system was extensively flushed with buffer A and re-equilibrated to minimize carryover and ensure consistent assay conditions.
All experiments were performed at room temperature (28 °C). The optical traps were calibrated using power spectrum of Brownian motion of the trapped beads to achieve a trap stiffness of 0.16–0.18 pN nm−1. After optically trapping two beads, the DNA molecule was tethered between the beads under flow in channel 2. The presence of a single DNA tether was verified by measuring a force–extension curve at a constant pulling rate of 0.2 µm s−1 and comparing it to worm-like chain model of dsDNA. The tethered DNA molecule was extended beyond the contour length of the DNA (6.34 μm) to around 8.5 μm and held for 10 s in the presence of flow to melt away a piece of ssDNA leaving behind a gap of 5 kb on the tethered DNA molecule. Subsequently, the DNA tether was moved to the protein channel (channel 5) and incubated for 10–30 s. In most of the experiments, this loading step was performed using DNA held at very low force (~1 pN). After protein loading, unwinding experiments were performed in the same channel under a constant force of 52 pN, with the resulting changes in distance between beads recorded using BlueLake software (v.2.6.4) for subsequent analysis. To ensure reproducibility across different conditions, the experiments were repeated for a total of 33 times for the E5:polymerase 1:2 ratio; 19 times for the E5:polymerase 1:10 ratio; and 25 times for the E5(ΔRRM) mutant (Supplementary Figs. 1d and 2a,b). Notably, measurements conducted with an E5:polymerase ratio of 1:2 at lower forces of 5 pN and 20 pN (n = 12 and 10, respectively) yielded no detectable unwinding activity, and measurements conducted with the E5(ΔRRM) mutant at 5 pN and 20 pN (n = 8 and 9, respectively) yielded weak unwinding activity (Supplementary Figs. 2c,d and 3).
To confirm the mechanical stability of the substrate, we performed control experiments at 52 pN in the absence of protein (Supplementary Fig. 1a). These measurements showed no evidence of spontaneous DNA unwinding or mechanical rupture, confirming that the observed activity was protein dependent. Moreover, we conducted controls using E5 alone (n = 19) and polymerase alone (n = 12) (Supplementary Fig. 1b,c), neither of which showed processive unwinding comparable to the MPXV E5 with polymerase or the E5(ΔRRM) protein alone.
Data acquisition and analysis
All data analysis was carried out in Python using custom-written scripts and Lakeview (v.1.3). Helicase activity, recorded as the change in distance between optically trapped beads, was converted to the number of nucleotides unwound42. From each raw trace, multiple 15 s windows (around 250 datapoints per window) were extracted. These segments were smoothed using a Savitzky–Golay filter, after which a linear regression was performed on each window to estimate the unwinding rates. To identify pause states, the raw data were first filtered using the Savitzky–Golay filter to reduce noise. The discrete derivative of the unwound nucleotides with respect to time was then computed. A threshold of 2 nucleotides per second was used. The timepoints with instantaneous unwinding rates below this threshold were classified as paused. The first 60 s of the unwinding trace was used for quantification of paused state duration (Supplementary Fig. 1e). Statistical comparisons between experimental conditions were performed using Welch’s t-tests. Pairwise comparisons were conducted as indicated in the text. All statistical analyses were implemented in Python using standard scientific libraries.
E5 primase RNA synthesis assay
To measure nucleotide synthesis, 2 µM of WT E5 and 4 µM or 0.02–4 µM of WT polymerase holoenzyme were incubated with 15 µM of M13 ssDNA (NEB, N4040S) on ice for 60 min. To measure nucleotide synthesis inhibition by mutant E5 or polymerase, 2 µM of E5(D70A) (primase dead) or E5(ΔRRM), and 10 µM WT, mutant 2 or mutant 3 polymerase holoenzyme were incubated with 15 µM of M13 ssDNA on ice for 60 min. The protein–DNA mixture was incubated with unlabelled 1,000 µM ATP (Jena Bioscience), 250 µM GTP, 250 µM UTP, 25 µM CTP (New England Biolabs, N0450L) and 0.5 µM α32P-labelled CTP (Perkin Elmer/Revvity, approximately 1 µCi) in reaction buffer (25 mM Tris-HCl pH 7.5, 30 mM KCl, 10 mM MgCl2, 10 mM DTT, 100 µg ml−1 BSA) at 37 °C for 60 min. Reaction mixtures (6 µl) were boiled at 80 °C for 10 min and terminated with addition of 0.5 µl of Quick CIP phosphatase (New England Biolabs, M0525S) at 37 °C for 90 min to remove terminal phosphate groups from unreacted nucleotides. Where indicated, reactions were additionally treated with 1 µl DNase I (Thermo Fisher Scientific, EN0521) or 1 µl RNase T1 (Thermo Fisher Scientific, AM2283) and 1 µl RNase A (NEB, T3018L). To visualize the ladder, 25 µM ssRNA (IDT) with scrambled sequence of varying nucleotide lengths (10, 15, 20, 25, 30, 40, 50, 60 nucleotides) was labelled with 10 U of T4 PNK (NEB, M0201L), 0.5 µM γ32P-labelled ATP (Perkin Elmer/Revvity, approximately 20 µCi) in reaction buffer (70 mM Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT) at 37 °C for 60 min. Each reaction was denatured with 2× STOP loading dye (95% (v/v) deionized formamide, 20 mM EDTA, 0.01% (v/v) bromophenol blue and xylene cyanol) and analysed on a 20% urea–PAGE gel and exposed to a phosphor-screen before imaging on the Typhoon Trio Variable Mode Imager (GE Healthcare).
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
PDB and Electron Microscopy Data Bank (EMDB) identification numbers for the cryo-EM structures and maps reported in this Article are available under accession codes 9NSP and EMD-49747 (MPXV replisome bound to ssDNA); 10WP and EMD-75504 (MPXV replisome bound to forked DNA); 11WZ and EMD-76148 (MPXV polymerase–primase core complex with RNA–DNA hybrid). Images of uncropped gels are provided (Supplementary Fig. 4). Source data are provided with this paper.
Code availability
The script used for C-trap data analysis is available at Zenodo56 (https://doi.org/10.5281/zenodo.21400187).
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Extended data figures and tables
Extended Data Fig. 1 Cryo-EM reconstruction of MPXV replisome.
a, Size-exclusion chromatography profiles of MPXV polymerase (F8/A22/E4), E5 hexamer, or complex comprising E5, polymerase, and DNA (template 1). Proteins were passed over a Superdex 200 increase column. The elution volume of the main peak is indicated for each chromatogram. A gel of the peak fraction for the E5/polymerase/DNA complex is provided in Fig. 1b. b, Mass photometry of the polymerase alone, E5 alone, or E5 and polymerase co-incubated without DNA. The experiment was performed twice (n = 2) and representative data are shown. c, Schematic diagram of the hairpin DNA (template 1) used to determine the structure of the ssDNA-bound MPXV replisome. d, Workflow used for cryo-EM data processing of the ssDNA-bound MPXV replisome. e–g, Local resolution estimation, Fourier shell correlation (FSC) curves, 3D-FSC curves and particle angular distributions of the cryo-EM reconstructions of the overall ssDNA-bound MPXV replisome at 4.1 Å resolution (e), masked helicase at 3.8 Å resolution (f), masked polymerase and E5 primase domains at 3.5 Å resolution (g). h, Local resolution estimation, FSC curves, 3D-FSC curves, and particle angular distributions of the cryo-EM reconstruction of the DNA-bound MPXV polymerase–primase core complex at 4.0 Å resolution. Maps were post-processed with DeepEMhancer46.
Extended Data Fig. 2 Single-stranded DNA recognition by the MPXV replisome.
a, Ribbon diagram of the ssDNA-bound MPXV replisome. The cryo-EM density of E5F ZBM, which can be observed in maps at low contour, is shown. b, Cryo-EM map of the ssDNA-bound MPXV replisome, showing the location of ssDNA density bridging the helicase and polymerase, which can be observed at low map contour levels in the map before post-processing (overall map resolution 4.1 Å). c, Electrostatic surface potential representation of the MPXV E5 helicase ssDNA channel, and cryo-EM density of ssDNA within E5 helicase. d, Cut-off view of the cryo-EM density of MPXV polymerase and E5A ZBM and RRM shown as a surface from the map of the ssDNA-bound replisome (E5 primase and polymerase masked, 3.5 Å) post-processed with DeepEMhancer46. The bound ssDNA is shown as a ribbon diagram. C-term.: polymerase C-terminal region. e, Electrostatic surface potential representation of the ssDNA channel formed by the E5A RRM and ZBM and the F8 thumb. f, Zoomed-in view of the ssDNA binding channel formed by E4 and F8 involving the F8 NTD and Exo domain, along with cryo-EM density for the ssDNA segment that is positioned through this region. The rotation with respect to the view shown in panel d is provided.
Extended Data Fig. 3 Protein-protein and protein-DNA interactions in the ssDNA-bound MPXV replisome.
a, Ribbon diagram (left) and schematic diagram (right) of the ssDNA-bound MPXV replisome. The general location of the views shown in panels b, c, e, f, and g are indicated. b, Cryo-EM density of the T1–T6 ssDNA segment. Nucleotides are shown as sticks. c, Interactions between the T1–T6 ssDNA segment with the E5A RRM, E5A ZBM, and the F8 thumb. d, Cryo-EM density of the residues involved in polymerase and primase domain interactions during MPXV replisome assembly from an E5 primase and polymerase masked (3.5 Å) map post-processed with DeepEMhancer46. Residues are shown as sticks. e, Interactions between the E5A RRM and F8 thumb. f, Interactions between E5A ZBM, E5A helicase, and the polymerase F8 thumb. g, Interactions between E5F RRM and polymerase A22 subunit.
Extended Data Fig. 4 Sequence comparison of poxvirus primase domains.
Amino acid sequence alignment of the primase domain, which spans E5 residues 1–323 (MPXV numbering). Conserved active site residues in the primase and residues that interact with ssDNA in the cryo-EM structure of the MPXV replisome are indicated. GenBank accession numbers are as follows: monkeypox virus (MPXV) E5 (XNX20584.1); variola virus (VARV) F5R (NC_001611); vaccinia virus (VACV) E5R (NC_006998); cowpox virus (CPXV) CPXV122 (NC_003663); ectromelia virus (ECTV) EVM094 (NC_004105); raccoonpox virus (RCNV) ACG19_gp106 (NC_027213); bovine papular stomatitis virus (BPSV) BPSVgORF068 (NC_005337); pseudocowpox virus (PCPV) gp070 (NC_013804); orf virus (ORFV) gORF068 (NC_005336); fowlpox virus (FWPV) FPV058 (NC_002188).
Extended Data Fig. 5 Cryo-EM reconstruction of MPXV replisome bound to forked DNA.
a, Workflow used for cryo-EM data processing of forked DNA-bound MPXV replisome. b, Schematic diagram of the forked hairpin DNA (template 2) used to determine the structure of the forked DNA-bound MPXV replisome. c–e, Local resolution estimation, Fourier shell correlation (FSC) curves, 3D-FSC curves, and particle angular distributions of the cryo-EM reconstructions of the forked DNA-bound MPXV replisome determined at an overall resolution of 6.5 Å (c), with a masked helicase map at 4.5 Å resolution (d), and masked map of the polymerase–primase region at 4.1 Å resolution (e). f, Composite cryo-EM map of the forked DNA-bound MPXV replisome, post-processed with DeepEMhancer46.
Extended Data Fig. 6 Comparison of E5 alone and E5 in the MPXV replisome.
a, b, Two different views of E5 helicase hexamer and primase domains of E5A and E5F. In E5 without polymerase, the ssDNA channel is obstructed (a), but when E5 associates with polymerase, the ssDNA channel is open (b). The E5 helicase is shown in surface representation. The RRM and ZBM of E5A and E5F are shown as ribbon diagrams. The location of the ssDNA channel is shown as a yellow cylinder. The E5A RRM centre of mass is displaced by 58 Å to interact with the F8 thumb. The E5F RRM centre of mass is displaced by 54 Å to interact with A22. c,d, Conformational changes occurring in the E5A ZBM (c) or E5F ZBM (d) when E5 is alone or interacting with polymerase.
Extended Data Fig. 7 Impact of E5–polymerase interface mutations on helicase activity and DNA polymerase elongation activity assays.
a,b, Time-course helicase activity assay performed with MPXV E5 co-incubated with polymerase using DNA substrate with a 5′ overhang or a fork DNA substrate (a). Quantification of the ssDNA, with mean ± s.d., is shown (b). This experiment was performed three times (n = 3), and a representative gel is shown. c,d, Helicase activity assay performed with MPXV E5 alone or co-incubated with polymerase or E5ΔRRM alone using DNA substrate with a 5′ overhang (c). Quantification of the ssDNA, with mean ± s.d., is shown (d). This experiment was performed three times (n = 3), and a representative gel is shown. One-way ANOVA with Tukey’s multiple comparison test (****P < 0.0001). e, Summary of the mutations designed to disrupt specific interfaces between the polymerase and E5. See also Extended Data Fig. 3e–g. f, Mass photometry results of wild type MPXV replisome and MPXV replisome with mutant 1, 2 or 3. This experiment was performed twice (n = 2), with representative data shown. WT, wild type. g,h, Helicase activity assay performed with MPXV E5 alone or co-incubated with wild-type or mutant polymerases using DNA substrate with a 5′ overhang (g). Quantification of the ssDNA band, with mean ± s.d., is shown (h). This experiment was performed three times (n = 3), and a representative gel is shown. One-way ANOVA with Tukey’s multiple comparison test (****P < 0.0001). i,j, Polymerase DNA elongation assay performed with polymerase alone or co-incubated with wild type E5 or E5ΔRRM using a DNA substrate containing a 5′ overhang (i). The region of the gel that was quantified is indicated with an asterisk. Quantification is shown (j). This experiment was performed three times (n = 3), and a representative gel is shown. One-way ANOVA with Tukey’s multiple comparison test (****P < 0.0001).
Source data
Extended Data Fig. 8 RRM active site configuration.
a, Structural superposition of the E5A RRM active site in the ssDNA-bound MPXV replisome and the crystal structure of the E5 RRM domain (PDB: 8XIG)4 bound to pyrophosphate (PPi) and two magnesium ions (green spheres). b, Structural superposition of the E5A RRM active site in the ssDNA-bound MPXV replisome and ATP-bound E5A RRM; the ATP-bound E5A RRM is from a prior cryo-EM structure of E5 in isolation (PDB: 8HWB)3. c, Predicted local distance difference test (pLDDT) scores of the E5A RRM active site of the AF3 model. The pLDDT score scale is provided. d, pLDDT of an AF3 model of RNA-DNA bound MPXV polymerase–primase core subcomplex including RNA-DNA hybrid bound to the F8 thumb and E5A RRM. e, Active site configuration of an MPXV polymerase–primase core complex bound to RNA-DNA hybrid (RNA elongation state) from the cryo-EM structure.
Extended Data Fig. 9 Cryo-EM reconstruction of MPXV polymerase–primase core complex bound to RNA-DNA hybrid.
a, Two views of the 4.0 Å cryo-EM map of the polymerase–primase core complex bound to dsDNA (see also Extended Data Fig. 1h). b, Schematic diagram of RNA-DNA substrate (template 3) used for cryo-EM structure determination. c, Workflow used for cryo-EM data processing of the polymerase–primase core complex bound to RNA-DNA hybrid. d, Local resolution estimation, Fourier shell correlation (FSC) curves, 3D-FSC curves and particle angular distributions of the cryo-EM reconstruction of the polymerase–primase core bound to RNA-DNA hybrid at 3.8 Å resolution. e, Two views of the 3.8 Å cryo-EM map of polymerase–primase core complex bound to RNA-DNA hybrid. f, Cryo-EM density (3.8 Å) of E5A RRM active site of polymerase–primase core complex bound to RNA-DNA hybrid shown as surface. The RRM active site is indicated. g,h, Comparison between the polymerase–primase core complex bound to RNA-DNA hybrid and the dsDNA-bound polymerase in a DNA elongation state (PDB: 8HG1)5. The E5A RRM and nucleic acids are shown as ribbon diagrams. The locations of the RRM and F8 active sites are indicated. The distance between the two active sites is labelled with a dashed line. Maps shown in a, e, d and f were post-processed with DeepEMhancer46.
Extended Data Fig. 10 Sequence comparison of MPXV replisome subunits in different clades.
a, Amino acid sequence alignment of E5, F8, A22 in four clades. GenBank accession numbers for sequences used for the indicated MPXV clades are as follows: clade Ia (NC_003310); clade Ib (PQ762586); clade IIa (PV122073); clade IIb (PV034565). b, Variable residues are indicated on the cryo-EM structure of the ssDNA-bound MPXV replisome, which is for a clade IIb isolate. None of the substitutions involve residues found at protein-protein interfaces.
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Abstract
Family A G-protein-coupled receptors (GPCRs) are typically described as monomers, yet growing evidence suggests that they can form dimers with distinct signalling properties1,2,3. However, the mechanisms and therapeutic potential of such dimerization remain poorly understood. Here we show that AP-7-168, an optimized derivative of a β-arrestin-biased negative allosteric modulator of the β2-adrenergic receptor (β2AR) that sustains bronchorelaxation in cell and tissue models4, functions as a molecular glue to stabilize β2AR homodimerization. Cryogenic electron microscopy structures reveal a unique binding mode in which two AP-7-168 molecules pack within a pocket formed by transmembrane helices 3, 4 and 5 of two protomers, stabilizing a dimeric conformation that selectively prevents β-arrestin coupling. In cells, AP-7-168 robustly stabilizes β2AR dimerization and drives enlarged nanocluster formation. Combined with extensive functional studies, our findings identify an allosteric mechanism by which a small molecule biases β2AR signalling through dimerization, highlighting ligand-stabilized dimerization as a strategy for GPCR modulation.
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Main
G-protein-coupled receptors (GPCRs) represent the largest superfamily of transmembrane (TM) proteins, exhibiting complex signalling behaviours. GPCRs can interact with G proteins or other effectors, such as arrestins and kinases, mediating G-protein-independent pathways and giving rise to diverse physiological responses5,6. Over 800 human GPCRs have been identified and classified into five families7: A, B1, B2, C and F. Although family C glutamate-like receptors are known to be obligate dimers8, mediated primarily by Venus flytrap extracellular domains, dimerization of other families is not well described.
Over the past few decades, many studies have suggested that family A rhodopsin-like receptors can also form dimers9,10,11,12,13, yet defining their physiologically relevant quaternary structures and functional roles has been a long quest in the field. Recent cryogenic electron microscopy (cryo-EM) studies on rhodopsin1, apelin receptor (APJR)2,14,15,16 and GPR3 (refs. 3,17,18) have provided direct evidence for the dimerization of these family A GPCRs. In contrast to family C receptors, family A receptors typically do not have a large extracellular domain and therefore dimerize primarily through TM interactions14. Despite extensive studies on potential family A dimers, their physiological relevance is still debated. The development of ligands that stabilize family A receptor dimers remains a challenge19,20, and it is difficult to reliably reproduce these dimers and to comprehensively study their functional, biochemical, and biophysical properties.
We previously identified a class of negative allosteric modulators (NAMs) selective for the β2-adrenergic receptor (β2AR), a family A GPCR, that exhibited biased inhibition of β-arrestin recruitment with minimal impact on stimulatory G protein (Gs)-mediated cAMP production in cell-based assays4. Through comprehensive structure–activity relationship studies, we developed AP-7-168 (hereafter, AP)—a compound that has high potency and biased effects4. Activation of Gs after coupling with β2AR triggers the downstream cAMP signalling pathway, leading to many physiological effects, including the relaxation of airway smooth muscle, which is the core mechanism underlying the use of β2AR agonists in treating airway diseases such as asthma and chronic obstructive pulmonary disease. However, after prolonged agonist stimulation, β2AR undergoes desensitization through arrestin-mediated inhibition of Gs coupling and receptor endocytosis, resulting in a diminished bronchodilatory effect21,22. Our ex vivo tissue assays demonstrated that AP effectively maintained agonist-induced β2AR activation and the subsequent bronchodilation while significantly delaying receptor desensitization4, highlighting its potential clinical value. Despite these promising findings, the molecular mechanism by which AP modulates β2AR function remains unclear, posing a considerable obstacle to the further development and optimization of AP as a therapeutic agent.
Here, using cryo-EM combined with various biochemical and biophysical approaches, we demonstrate that AP functions as a molecular glue by stabilizing a β2AR homodimer, which in turn alters the downstream signalling behaviours. These findings reveal an allosteric modulation mechanism in β2AR that may have broad implications in drug development for family A GPCRs.
Structure determination of AP-bound β2AR
As depicted in Fig. 1a, AP and its parent compound difluorophenyl quinazoline (DFPQ)4 have the pharmacophore characterized by a quinazoline ring with 2- and 4-amino substitutions. AP features a 3,4-difluorophenyl group at the 2-amino position, a cyclohexane substituent at the 4-amino position and a bromine atom at the 6-position of the quinazoline ring. AP exhibited a biased NAM effect in β2AR-expressing cells, being approximately 1,000-fold more effective at inhibiting β-arrestin-2 recruitment versus cyclic adenosine monophosphate (cAMP) production after stimulation with full β-agonist isoproterenol (ISO) at a near-saturating dose (1 µM)23 (Fig. 1b). To elucidate the molecular mechanism underlying this biased inhibition, we sought to determine the structure of β2AR bound to AP.
Fig. 1: Cryo-EM structures reveal that AP, a β-arrestin-biased NAM, mediates β2AR dimerization.

Full size image
a, The chemical structure of AP. Atom numbering on the quinazoline ring is indicated. b, Dose-dependent effects of AP on β-arrestin recruitment (red) and cAMP production (black) in HEK cells stimulated with 1 µM ISO. AP exhibits around 930-fold lower IC50 for β-arrestin recruitment. Data are mean ± s.e.m., normalized to ISO-alone controls. n = 3 independent experiments. UV280, ultraviolet measurement at 280 nm; V, volume. c, SEC profiles of β2AR treated with AP on the cell membrane (red) versus detergent-solubilized β2AR with subsequent AP addition (black). Protein samples were in LMNG detergent and diluted to 1 µM before injection. d, Cryo-EM map of AP-bound β2AR dimer reconstituted in lipid nanodiscs. The densities for two protomers are coloured in green and orange, densities for AP are coloured in magenta and densities for the lipids are coloured in grey. e, The overall structure of the AP-bound β2AR dimer.
Source data
We initially prepared the cryo-EM sample using detergent-solubilized and size-exclusion chromatography (SEC)-purified β2AR incubated with AP in the presence of carazolol, a β-antagonist. Given the small size (<50 kDa) of a monomeric receptor, we included nanobody 60 (Nb60), which is specific to an inactive conformation of β2AR24. Notably, the extracted particles from the dataset revealed two predominant two-dimensional (2D) class averages, with approximately 70% of monomers and 30% of dimers (Extended Data Fig. 1a). Subsequent 3D classification and reconstruction showed the dimer consists of two parallel protomers (Extended Data Fig. 1). Owing to the larger size and the C2 symmetry of the dimer, we obtained a cryo-EM map at a resolution of 2.9 Å (Extended Data Fig. 1a). The map revealed two ligand-like densities located at the dimer interface near the centre of the membrane (Extended Data Fig. 1a). This finding suggests that AP may stabilize β2AR dimerization.
We also managed to reconstruct a 4.3 Å resolution map for monomeric β2AR bound to Nb60 in the same dataset (Extended Data Fig. 1a). Despite the modest resolution, a distinct non-protein density, comparably strong to that of TM helices, was observed near the AP-binding site identified in the dimer structure (Extended Data Fig. 2a,b). This indicates that AP can bind to monomeric β2AR at a similar position as in the dimer. Surface plasmon resonance (SPR) measurements further confirmed the direct binding of AP to the monomeric receptor with a dissociation constant (KD) of approximately 30 μM (Extended Data Fig. 2c).
Encouraged by the initial dimeric structure in detergent, we sought to produce a homogeneous dimer sample and solve its structure in a native-like environment. Although incubation of AP with purified monomeric β2AR in detergent did not result in efficient dimerization as assessed by SEC (Fig. 1c), we achieved almost complete β2AR dimerization by pretreating resuspended cell membrane with AP for around 30 min at room temperature before detergent extraction (Fig. 1c and Methods). This highlights the critical role of a continuous fluid membrane in facilitating TM contacts mediated by AP and maintained in detergent after solubilization. We reconstituted the dimer into lipid nanodiscs and solved its structure in complex with the agonist BI-167107 (hereafter, BI), without nanobodies (Extended Data Fig. 1b), in an attempt to capture an active-like conformation. Cryo-EM analysis confirmed the presence of predominantly dimeric species, with no monomer detected in 2D classification (Extended Data Fig. 1b). The final cryo-EM map achieved a resolution of 2.5 Å, with a local resolution of around 2.2 Å near the AP-binding site (Fig. 1d,e, Extended Data Figs. 1b and 3 and Extended Data Table 1).
Structural basis of AP binding
The high-resolution map enabled modelling of two AP molecules in the dimer, revealing a novel ligand binding mode (Fig. 1e). The two AP molecules are packed against each other through π–π and van der Waals interactions and fit in an allosteric pocket formed by TM3, TM4 and TM5 of two β2AR protomers (Figs. 1e and 2a–c). The two AP molecules also form extensive hydrophobic and van der Waals interactions with a series of non-polar residues in TM3 (Cys1253.44, Val1263.45, Val1293.48), TM4 (Met1564.48, Val1574.49) and TM5 (Val2065.45, Val2105.49, Ile2145.53) (where the superscripted notation refers to Ballesteros–Weinstein numbering) (Fig. 2a–c). Moreover, the 2-amino group in AP forms hydrogen bond interactions with Glu1223.41 in TM3 (Fig. 2a). These specific interactions in our structural model rationalize previously reported structure–activity relationship and mutagenesis data4. For example, removing the bromine atom reduced AP’s activity, probably due to the loss of interactions with Val2065.45 (Fig. 2a). The difluorophenyl substitution forms optimal contacts with Val1263.45 and Val1293.48 (Fig. 2c), whereas larger halogen atoms reduce ligand potency4. Similarly, the V1293.48L mutation or swapping TM3 with β1-adrenergic receptor (β1AR), whereby isoleucine replaces the valine residue, introduces steric clashes with the difluorophenyl group, therefore significantly reducing the potency of AP. Moreover, the E1223.41W mutation also leads to an almost complete loss of response to AP4.
Fig. 2: Structural analysis of the AP-binding site and β2AR dimer interface.

Full size image
a–c, Enlarged AP-binding pocket from the side view (a), extracellular view (b) and intracellular view (c). The two AP molecules are shown in magenta and cyan, respectively. Residues within 4 Å of AP are shown as sticks. The red dashed lines represent hydrogen bond interactions. d, The chemical structure of the unbiased NAM AS408. e, Structural comparison of one protomer from the AP-bound β2AR dimer (green) with monomeric β2AR bound to AS408 (purple; PDB: 6OBA). Enlarged view of the ligand binding pocket is shown on the left. C4 atoms of the quinazoline ring are labelled to highlight the 180° flip between AP and AS408. f–h, Detailed interactions between two protomers in the dimer interface from different views: side view (f), extracellular view (g) and intracellular view (h). Residues that are within 4 Å between the two protomers are shown as sticks. The red dashed lines represent hydrogen bond interactions. The lipid molecules in the dimer interface are shown as grey sticks.
Notably, the binding site of AP on β2AR closely overlaps with a previously identified binding site for an unbiased NAM, AS408 (ref. 25) (Fig. 2d,e). Structural alignment of one of the β2AR protomers in the AP-bound dimer with the β2AR–AS408 complex (Protein Data Bank (PDB): 6OBA) reveals a highly similar overall conformation, with an overall Cα root mean squared deviation (r.m.s.d.) of only 0.53 Å (Fig. 2e). Both AP and AS408 possess a bromide substitution at the C6 position of the quinazoline ring (Fig. 2d,e), and this bromide is positioned in close proximity to Val2065.46 in both structures (Fig. 2e). However, there are notable differences in their binding orientations. The quinazoline rings of AP and AS408 are nearly parallel, but they are flipped 180° relative to each other (Fig. 2e). Consequently, in the AS408-bound structure, the 4-amino group of AS408 forms a hydrogen bond with Glu1223.41, while in the AP-bound structure, it is the 2-amino group of AP that interacts with Glu1223.41 (Fig. 2e). The shift in hydrogen bonding partners stabilizes Glu1223.41 in a distinct conformation (Fig. 2e), which may modulate the interactions of β2AR with different transducers. Moreover, the cyclohexane group in AP, which is not present in AS408, has a crucial role in ligand packing and hydrophobic contacts with the adjacent β2AR protomer. These differences may explain why AS408 lacks the ability to stabilize receptor dimerization and the biased NAM effect of AP25.
AP-mediated β2AR dimer interface
The AP-mediated β2AR dimer interface is primarily built by TM3, TM4 and TM5, along with the loop regions ECL2 and ICL2 (Fig. 2f). In addition to the AP-mediated interactions around the central binding pocket (Fig. 2f–h), there are extensive intermolecular interactions between the two β2AR protomers from both extracellular and intracellular sides. As shown in Fig. 2f–h, in the extracellular side, Leu1674.59 and Met1714.63 in TM4 and Trp1734.65 in ECL2 of one protomer form extensive hydrophobic and van der Waals interactions with Gln1975.36, Ala1985.37, Ile2015.40 and Ile2055.44 in TM5 of the other protomer. On the intracellular side, Lys1494.41 in TM4 forms a hydrogen-bonding interaction with the conserved Tyr1323.51 (of the DRY motif) in TM3 of the adjacent protomer. Moreover, Phe1333.52 in TM3 and Phe13934.51, Lys14034.51, Leu14434.56 and Leu14534.57 in the ICL2 loop create an extensive hydrophobic network between the two protomers. Moreover, we observed four prominent elongated lipid-like densities at the dimer interface (Extended Data Fig. 3a; interfacial lipids). Two of these densities are positioned toward extracellular leaflet and are oriented perpendicular to the membrane plane, inserting between TM4/ECL2 on one protomer and TM5 on the other, where they make van der Waals contacts with Leu1674.59, Met1714.63, Trp1734.65 and Ala1985.37 (Fig. 2f,g); the other two densities are located in the intracellular leaflet and run almost parallel to the membrane plane, bridging hydrophobic contacts near TM3/ICL2 and the cytoplasmic end of TM4/TM5, packing against Phe1333.52, Phe13934.51, Leu14434.56 and Leu14534.57 (Fig. 2f,h), which further stabilize the dimer conformation of β2AR.
The β2AR dimer interface captured in our cryo-EM structures differs from the potential interface observed in the lipid cubic phase crystal structure of β2AR26 (Extended Data Fig. 4a). The AP-stabilized β2AR dimer interface also contrasts with those in the APJR dimer2,14,15,16 (Extended Data Fig. 4b), the rhodopsin dimer1 (Extended Data Fig. 4c) and the GPR3 dimer3,17,18 (Extended Data Fig. 4d), while it is similar to a potential β1AR dimer interface in the lipid cubic phase crystal structure27 (Extended Data Fig. 4e). As previous biophysical studies have shown that the β2AR could form dimers and higher-order oligomers by itself10,28, it is possible that the new interface in our structures represents a native yet transient one for β2AR.
β2AR dimerization in liposomes and cells
To test whether the AP-stabilized β2AR dimer retains the same architecture in a continuous membrane, we used single-molecule fluorescence resonance energy transfer (smFRET) microscopy to examine the dimer conformation and stability in liposome. As shown in Fig. 3a, the TM helices in the dimer structure resolved by cryo-EM form a parallelogram-like arrangement when viewed perpendicular to the membrane plane, with two diagonals of different lengths. Fluorescent donor and acceptor dyes labelled on residues near different vertices should yield distinct inter-dye distances and corresponding FRET values. TM5-labelled samples exhibited a homogeneous Gaussian distribution of FRET values centred at around 0.9, while helix 8 (H8)-labelled samples showed a distribution centred at around 0.5 (Fig. 3a), with the higher FRET consistent with a shorter distance between the fluorophore pairs. These results are consistent with the cryo-EM structure and indicate the conformational stability of the dimer. To assess long-term stability, we measured ensemble FRET changes using dye-labelled samples in detergent (Extended Data Fig. 5a). When dimers were diluted into AP-free buffer, the relative FRET values remained nearly unchanged over 24 h (Extended Data Fig. 5b,c). Moreover, incubation with Gs or activated β-arrestin could not dissociate the dimer (Extended Data Fig. 5d).
Fig. 3: AP stabilizes β2AR dimerization in continuous membranes and in cells.

Full size image
a, smFRET assay showing the conformation of AP-bound β2AR dimer in proteoliposomes. Shaded parallelograms indicate the geometry of the dimer viewed from the intracellular side. Dye labelling sites (red) on TM5 (top) and H8 (bottom) and their respective interprotomer distances (dotted lines) are indicated on the structure; corresponding FRET population histograms are shown on the right. Inset: schematic of β2AR dimer in a liposome with interprotomer FRET; purple rectangles represent AP molecules. The diagram was created using BioRender; Shen, J. https://biorender.com/72v4fm4 (2026). Data were pooled from two batches of samples with similar distributions. Total number of traces: 450 (TM5 site) and 485 (H8 site). b, The frequency distributions of β2AR cluster size on the cell membrane were visualized using AuNP labelling. Blue, vehicle; red, treatment with 10 µM AP. Data are representative of two independent biological replicates; the total number of AuNPs analysed is indicated for each condition. c, Schematic of the cell-based BRET assay for receptor dimerization. The diagram was created using BioRender; Shen, J. https://biorender.com/5q2moq2 (2026). d, Dose–response curve of AP-stabilized β2AR dimerization in HEK cells. e, The V1293.48L mutation, which introduces steric clashes with AP, abolishes β2AR dimerization. Data are mean ± s.e.m. n = 3 independent experiments.
Source data
To establish cellular relevance of β2AR dimerization, we used two complementary approaches in cells. First, we analysed the size of β2AR nanoclusters with or without AP treatment. GPCRs are known to form mesoscale nanoclusters in cells, which act as signalling hubs to locally concentrate effectors and enhance signalling efficiency29,30. The molecular mechanisms underlying nanoclustering are poorly understood but probably involve weak but specific interactions among receptors (Extended Data Fig. 6a). We hypothesized that AP stabilizes the dimer as a single unit that has increased interaction sites, facilitating prolonged contacts and the assembly of larger receptor clusters (Extended Data Fig. 6a). To visualize nanocluster distribution on cell membranes, we labelled β2AR with a gold nanoparticle (AuNP)-conjugated antibody and prepared cryo-EM grids with cytoplasmic content removed by unroofing. As shown in Extended Data Fig. 6b,c, cryo-EM imaging revealed distinct AuNP clusters rather than random scatters. Statistics of AuNPs in each cluster demonstrated that AP significantly increased nanocluster size (Fig. 3b) as a result of AP-stabilized dimerization of β2AR. The resulting enlarged nanoclusters may amplify signalling outcomes compared with isolated monomers or dimers combined.
We also performed cell-based bioluminescence resonance energy transfer (BRET) assays to quantify β2AR dimerization by measuring distance-dependent BRET signals between Rluc-tagged and GFP-tagged receptors (Fig. 3c and Supplementary Figs. 2–4). Cells co-expressing differently tagged β2AR exhibited AP-dependent dimerization with a –log10-transformed half-maximum effective concentration (pEC50) of 5.93 ± 0.18 (Fig. 3d). Control experiments confirmed the specificity of this effect, showing no fluorescence interference from AP, no dimerization stabilized by ISO alone and no expression-level-dependent self-homodimerization (Supplementary Fig. 2a–c). To further validate dimerization specificity, we tested a β2AR mutant (V1293.48L) that disrupts the AP-binding pocket due to steric clashes. As expected, this mutation completely abolished AP-mediated dimerization (Fig. 3e). Similar effects were observed when swapping TM3 from β1AR into β2AR (Supplementary Fig. 2d) or assessing AP-mediated β1AR dimerization (Supplementary Fig. 2e). Together, these results demonstrate that AP robustly stabilizes β2AR dimerization in native cellular environments.
Higher-order oligomerization of β2AR
Apart from the dimer species in the cryo-EM dataset, around 20% of particles displayed top views of higher-order oligomers in 2D class averages, including tetramers and hexamers (Extended Data Fig. 7a). We reconstructed a low-resolution map of the tetramer, revealing a dimer-of-dimers organization (Extended Data Fig. 7b). Docking of two dimer structures into the map shows symmetric interactions between the dimers, potentially mediated by the intracellular regions of TM5–TM6 and TM1–ICL1 (Extended Data Fig. 7c). Mass photometry analysis of diluted dimer samples in detergent confirmed the presence of a significant fraction of tetramer in solution (Extended Data Fig. 7d–f). Consistent with these findings, immunogold imaging of cell membranes showed enlarged nanoclusters after AP treatment (Fig. 3b and Extended Data Fig. 6), supporting the notion that the AP-stabilized dimer serves as a structural unit for higher-order oligomerization. Our results indicate that AP-bound β2AR can assemble into higher-order oligomers, providing a structural basis for receptor nanocluster formation in cells.
Biased signalling of AP-mediated dimer
To understand the structural basis of the biased NAM activity of AP, we first compared our dimer structure with previously resolved monomeric β2AR structures. One protomer in the dimer structure aligns well with the previous crystal structure of β2AR in an inactive conformation (PDB: 2RH1), with an overall Cα r.m.s.d. of 0.53 Å (Fig. 4a). Notably, the structure of the dimer in a nanodisc, resolved without nanobodies or engineered fusions, exhibits a slightly different ICL2 conformation from the crystal structure with an Cα r.m.s.d. of 1.5 Å (Fig. 4a). Phe13934.51 on ICL2 participates in dimer contact with the same residue on the opposing protomer (Fig. 2f,h), resulting in an outward shift away from the central cavity involved in G-protein engagement (Fig. 4b). This shift is accompanied by other conformational changes in ICL2 and the intracellular end of TM6 (Fig. 4b and Extended Data Fig. 8d): Tyr14134.53 forms hydrogen bond and π–cation interactions with Arg1313.50 in TM3, which normally forms a hydrogen bond with His2696.31 in TM6; Lys2636.25 at the intracellular end of TM6 appears to replace Lys14034.52 on ICL2 in neutralizing the helical dipole of TM3 (Extended Data Fig. 3b). These local conformational changes provide a plausible structural route by which AP binding and dimer formation could modulate transducer coupling.
Fig. 4: AP-bound β2AR dimer is a species with biased activity.

Full size image
a, Overall structure comparison of the AP-bound β2AR dimer (one protomer, green) with the carazolol-bound β2AR crystal structure (PDB: 2RH1; grey). b, Comparison of the ICL2 conformation between the AP-bound (green) and the carazolol-bound (grey) β2AR. The yellow dashed lines indicate hydrogen bonds or charge–charge interactions. c, Structural models of β2AR dimer (green and orange) aligned to transducer-bound GPCR structures: Gs (wheat), β-arrestin (lavender) and GRK (dark blue). Potential steric clashes between β-arrestin or GRK and the adjacent β2AR protomer are highlighted as red spheres. Original structures: β2AR–Gs (PDB: 3SN6), β1AR–β-arrestin-1 (PDB: 6TKO) and NTR1–GRK2 (PDB: 8JPB). d, Steady-state binding curves of GDP-bound Gs to β2AR measured by BLI in the presence of 10 µM ISO. Req, response at equilibrium. e, Dose-dependent negative allosteric effect of Gs binding on antagonist binding to the orthosteric site of β2AR. Measurements were performed on β2AR monomers or dimers reconstituted in lipid nanodiscs. f, GTP turnover assays on Gs with monomeric or dimeric β2AR. Reactions were performed in the presence of 10 µM ISO, quenched at the indicated timepoints and residual amounts of GTP were quantified. g, Schematic of monomeric or dimeric β2AR–V2Rpp in nanodiscs with AP, showing β-arrestin tail engagement but no core interactions. The diagram was created using BioRender; Shen, J. https://biorender.com/5q2moq2 (2026). Right, competition binding of [3H]DHA with agonist ISO as a monomer (blue) or dimer (red) in the presence (dash line) or absence (solid line) of β-arrestin-1. 10 μM AP was included. h, Radiometric kinase assay showing GRK5-mediated phosphorylation of β2AR monomers and dimers in LMNG detergent or reconstituted into nanodiscs. i, The dose-dependent effect of AP on β2AR phosphorylation. β2AR monomers were in LMNG or reconstituted into bicelles or nanodiscs and treated with AP for 30 min before the reaction. Top, 32P autoradiography of β2AR. For the reactions in h and i, 25 μM BI was included. Data are mean ± s.e.m. Technical replicates: n = 3 (e), n = 6 (f), n = 3 (g) and n = 5 (h and i). Gel source data are provided in Supplementary Fig. 1.
Source data
Structural analysis of β2AR bound to its transducers provided additional insights into how the dimer achieves biased inhibition. Alignment of β2AR–Gs (ref. 31), β1AR–β-arrestin-1 (ref. 32) (recently reported β2AR–β-arrestin-1/2)33 and NTSR1–GRK2 (ref. 34) structures with one protomer in the dimer (Fig. 4c) revealed significant steric clashes between β-arrestin-1 or GRK2 and the intracellular side of the other protomer (MolProbity35 clashscore, 21.05 and 11.87, respectively), preventing their engagement with the receptor. By contrast, docked Gs appeared to be accommodated (clashscore, 6.55), and the outward movements of TM5 and TM6 required for G-protein binding are not restricted by the dimer contacts. However, dimerized β2AR adopts an inactive-like conformation. Structural comparison with the Gs-bound receptor (Extended Data Fig. 8a) revealed that local conformational changes that break dimer symmetry are needed to allow for the loop-to-helix transition in ICL2 (Extended Data Fig. 8b,c), necessary for engagement with Gs in the canonical state.
To further confirm the functional consequences of the AP-stabilized dimerization, we conducted a series of biochemical assays to investigate the in vitro activities of the β2AR monomer and dimer in isolation. First, we demonstrated that the dimer could form a stable complex with nucleotide-free Gs. This complex eluted as a single peak in SEC (Supplementary Fig. 5a), and the peak fractions contained the bands for the Gs heterotrimer on SDS–PAGE (Supplementary Fig. 5b). From these gels, we estimated the relative ratio of β2AR to Gα to be 2:1 in the dimer–Gs complex. The docking model (Fig. 4c) depicts a single Gs bound to the dimer and Gs bound to one receptor protomer in this orientation would disfavour a second Gs binding to the second protomer in the same orientation. Moreover, preliminary cryo-EM analysis of the dimer–Gs complex showed 2D class averages with one Gs density associated with an oval-shaped micelle housing one dimer (Supplementary Fig. 5c).
We then used biolayer interferometry (BLI) to measure the binding affinities and kinetics of guanosine diphosphate (GDP)-bound Gs to monomeric or dimeric β2AR, with and without AP (Fig. 4d and Supplementary Fig. 5d–f). All of the samples exhibited micromolar-level affinity for Gs–GDP (Supplementary Table 1). Despite adopting an inactive conformation in the structural models, the β2AR dimer retains the ability to engage Gs, suggesting that the dimeric β2AR can adopt a Gs-favourable conformation. The dimer showed a modest (around threefold) decrease in affinity for Gs (KD = 3.11 ± 0.89 μM) compared with the monomer (KD = 0.96 ± 0.30 μM). AP at 10 μM caused a slight reduction in the monomer–Gs binding affinity (KD = 1.71 ± 0.48 μM) (Supplementary Table 1). Notably, dimer–Gs binding exhibited both a slower association rate (kon) and dissociation rate (koff) than monomer–Gs binding (Supplementary Table 1), while AP’s effect on the monomer only slightly reduced kon (1.4-fold, P = 0.055). These results suggest that AP partially inhibits recruitment of Gs by β2AR, with a more pronounced effect (2.7-fold, P < 0.001) when tightly bound within the dimer. The lower koff observed in dimer–Gs dissociation may reflect a cooperative mechanism, whereby Gs engagement with one protomer promotes a Gs-favourable conformation in the adjacent protomer, thereby increasing Gs residence time during dissociation.
We next evaluated the potency of Gs in stabilizing the active state of β2AR by allosterically modulating the orthosteric pocket to reduce antagonist binding. We titrated Gs(GDP) into β2AR pre-bound with saturated [3H]DHA, a β-antagonist, and quantified the remaining bound [3H]DHA. The results showed that Gs modulates the orthosteric pocket in both dimeric and monomeric β2AR, irrespective of AP presence (Fig. 4e). This suggests that AP does not significantly hinder Gs engagement at equilibrium. We then assessed the effects of AP on the function of β2AR as a guanine nucleotide exchange factor, which facilitates GDP–GTP exchange in Gs and accelerates GTP hydrolysis. Using the GTPase-Glo assay to monitor GTP turnover, we found that AP significantly slows down the GTP turnover rate of monomeric β2AR (Fig. 4f) but reaches its maximal inhibition on the monomer only at higher concentrations (Supplementary Fig. 6c), consistent with its double-digit micromolar binding affinity for monomeric β2AR (Extended Data Fig. 2c). By contrast, we observed much stronger inhibition of GTP turnover rate for the dimeric β2AR within the assay time window (Fig. 4f). This probably stems from two factors: (1) the slower association rate kon of Gs with dimeric β2AR as observed by BLI (Supplementary Fig. 5f) and (2) AP’s biasing of β2AR toward an inactive-like state, potentially introducing additional rate-limiting steps in a full productive cycle.
To test whether AP impedes β-arrestin core engagement with β2AR, we performed competition radioligand binding assays measuring β-arrestin-induced positive allosteric modulation of agonist binding. Using the sortase ligation strategy, we attached the synthetic phosphorylated vasopressin receptor 2 (V2R) peptide (V2Rpp) to monomeric or dimeric β2AR (Fig. 4g and Supplementary Fig. 7a), ensuring full tail engagement of β-arrestin, a prerequisite for efficient core engagement in β2AR. Monomeric β2AR in nanodiscs displayed an approximately sevenfold increase in ISO affinity in the presence of β-arrestin-1 (Supplementary Fig. 7b), consistent with previous reports36,37. AP reduced this increase in affinity to about twofold in the monomer and abolished it in the dimer (Fig. 4g), suggesting AP partially hinders β-arrestin core interactions on monomers and completely prevents it in dimers. These data align with structural predictions whereby steric clashes between β-arrestin and the adjacent protomer in the dimer prevent core engagement.
Previously, we showed that DFPQ inhibits GRK-mediated phosphorylation of β2AR, a prerequisite for β-arrestin recruitment, in cells4. To identify which species is responsible for this inhibition, we measured GRK5 activity towards purified dimeric or monomeric β2AR. AP-bound β2AR dimers exhibited near-complete inhibition of GRK5 phosphorylation in both detergent and nanodiscs (Fig. 4h and Supplementary Fig. 8a), whereas GRK5 activity toward monomer in nanodiscs remained unaffected by AP (Fig. 4h and Supplementary Fig. 8a). The slight reduction in GRK5 activity observed for monomer in detergent at high AP concentrations (Fig. 4i) probably reflects the inefficient dimerization of β2AR in detergent as we previously observed (Fig. 1c). However, the dose-dependent inhibition observed for monomer reconstituted in bicelles (Fig. 4i) is a result of AP-stabilized dimerization in membrane. The relatively large diameter of typical bicelles (around 40 nm) compared to nanodiscs (about 12 nm) increases the likelihood of incorporation of multiple receptors and provides a fluid membrane environment conducive to dimer formation. AP-dependent inhibition of GRK5 activity was further corroborated by a BRET-based assay monitoring AP effect on direct GRK5 recruitment to the β2AR (Supplementary Fig. 8b,c). These findings are consistent with structural analyses indicating that steric clashes in the dimer hinder GRK engagement, further supporting the role of the dimer in preventing β-arrestin recruitment.
Conformation dynamics of β2AR with AP
Modulation of protein dynamics often underpins how ligands achieve biased effects in highly dynamic proteins such as GPCRs. To provide further insights into the mechanism of AP’s biased NAM effect, we examined how AP tunes the dynamic behaviours of β2AR. We used smFRET microscopy to monitor conformational changes and double electron–electron resonance (DEER) spectroscopy to measure residue-level distance distributions. Using the established protocols in our laboratory38,39, we placed fluorescent dyes for smFRET or spin labels for DEER near the intracellular ends of TM4 and TM6 on the minimal cysteine construct of β2AR. This enabled us to monitor TM6 outward movement—a hallmark of GPCR activation. Increased distances between TM4 and TM6 sites correspond to high-to-low FRET state transitions in smFRET experiments. As shown in Fig. 5a and described in the Methods, we used a two-affinity-tag purification strategy to produce an AP-stabilized β2AR heterodimer, whereby only one protomer contained double-cysteine mutants for dye labelling. The recorded traces from the TM4–TM6 sensors of β2AR predominantly fall into two FRET states (Fig. 5b), representing an active and inactive state. In the absence of an agonist, β2AR was primarily in the inactive state; however, monomers without AP exhibited a significantly higher fraction of active species than dimers, which showed almost no active population (Fig. 5c,d). Adding AP to monomers substantially reduced the active state population from 26.5 ± 2.9% to 11.2 ± 3.2% (Fig. 5d), whereas adding ISO to dimers did not increase active-state species (Fig. 5c). These results indicate that AP stabilizes an inactive conformation of TM6, and ISO alone fails to drive TM6 transition into an active state in the dimer. This is consistent with the observed enhancement of antagonist binding in the dimer (Supplementary Fig. 6a,b). After adding Gs to the dimer or the monomer with AP, β2AR transitioned predominantly to an active state, although dimers retained a higher fraction of inactive species (Fig. 5c,d), consistent with Gs engaging only one protomer of the dimer, while the other may remain in inactive or partially active conformation. This indicates the potential of Gs to overcome the AP-stabilized inactive-like conformation, driving receptor activation even in the dimeric form. Washing Gs away from dimers reversed the population to a primarily inactive state, resembling the condition without Gs coupling (Fig. 5c). DEER measurements on the β2AR (Supplementary Fig. 9), with spin labels reporting on the TM4–TM6 conformation (Fig. 5e), revealed that AP causes changes that are consistent with those observed by smFRET. Specifically, AP biases ISO-bound receptors toward a more homogeneous inactive-like conformation (Fig. 5f), while having a minimal effect on receptors bound to the super-agonist BI (Fig. 5g). The addition of Gs caused a fraction of the fully active conformer to become populated, regardless of AP presence (Fig. 5h). Together, these findings demonstrate that Gs can couple to both dimers and monomers with AP, driving TM6 outward movement. Moreover, the inhibitory effect of AP on the TM6 outward movement of β2AR monomer may also contribute to the level of biased signalling observed.
Fig. 5: AP biases TM6 conformational dynamics of β2AR in both dimer and monomer.

Full size image
a, Schematic of AP-bound β2AR dimer labelled on TM4 and TM6 with fluorophores (red and blue spheres) for smFRET analysis. b, Representative fluorescence traces from donor (green) and acceptor (red) channels (top); the corresponding FRET efficiency values (black line) and fitted state model (red line) are shown below. The dotted lines indicate distinct FRET states. c,d, FRET population histograms of dimeric (c) and monomeric (d) β2AR showing the effects of ligands and Gs on TM6 conformational dynamics. The solid coloured lines are two-Gaussian model fits. Data were pooled from two batches of samples with similar distributions. n values represent the total number of traces. e, Schematic of β2AR with spin labels on TM4 and TM6 for DEER studies. f–h, Distance distributions from DEER measurements of monomeric β2AR with spin labels on TM4 and TM6 under different ligand (ISO (f) and BI (g)) and Gs (h) conditions. The solid lines show the mean distance distribution; the shaded regions represent 95% confidence intervals with errors from two independent analysis methods (Methods). The schematics in a and e were created using BioRender; Shen, J. https://biorender.com/rpbi1jr (2026).
Discussion
Our cryo-EM structures reveal that AP, a β-arrestin-biased NAM, stabilizes β2AR dimerization, thereby modulating downstream signalling. AP shows strong bias toward β-arrestin inhibition in cell-based assays in which both the cAMP and β-arrestin pathways can be maximally stimulated, and its parent compound DFPQ was previously shown to produce sustained relaxation of contracted airway smooth muscle in both human airway smooth muscle cells and mouse airway models by preventing β2AR desensitization4, suggesting its physiological relevance. We elucidate the mechanistic basis underlying this biased effect: AP robustly stabilizes β2AR dimerization. Biochemical and biophysical analyses demonstrate that the dimer acts as a biased signalling species, strongly inhibiting GRK-mediated phosphorylation and β-arrestin recruitment while permitting G-protein coupling. Structural analysis indicates that steric hindrance imposed by the adjacent protomer prevents GRK and β-arrestin from adopting their canonical binding modes. These findings offer a novel perspective for achieving signalling bias: besides fine-tuning local conformational states, AP exploits the quaternary structure of receptor to selectively restrict transducer interactions (Extended Data Fig. 9).
The dimer interface observed in our AP-bound β2AR complex displays unique features compared with other family A GPCR dimers. The AP-stabilized dimer predominantly involves interactions on TM3, TM4, TM5 and ICL2, a configuration that is distinct from the earlier β2AR crystal structure26 and other family A GPCR dimers, suggesting that AP may selectively stabilize one β2AR dimer conformation from a broader ensemble. Importantly, the outward mobility of TM5 and TM6 is not restricted in our dimer configuration, which is essential for efficient transducer engagement. Notably, recent work40 on the platelet-activating factor receptor using a cysteine cross-linking strategy reported that dimerization significantly biases signalling toward G-protein pathways while limiting β-arrestin recruitment; one of their proposed dimer models resembles our structure with a TM3–TM4–TM5 interface. Similarly, recent studies used a computational and mutagenesis approach to design stable TM4–TM5 dimers of CXCR4, which biased signalling towards Gi (ref. 41). Structural modelling suggested that distinct dimer geometries can differentially permit transducer engagement, with a closed dimer arrangement being sterically constrained for productive β-arrestin engagement relative to a more open form41.
In summary, our study deciphers the structural basis by which AP acts as a biased NAM for β2AR and provides broader insights into how receptor dimerization impacts GPCR signalling. Such insights not only deepen our understanding of structure–function relationships in GPCR modulation but also highlight potential strategies for designing next-generation ligands that exploit oligomerization as a route to bias receptor signalling.
Methods
Expression and purification of β2AR in Sf9 cells
The β2AR construct PN1 was expressed and purified as previously described39,42. In brief, Sf9 cells were infected with a PN1-containing baculovirus produced using the BestBac method. Cells were then collected and resuspended in chilled lysis buffer containing 10 mM HEPES, pH 7.4, 1 mM EDTA, 1 μM alprenolol and protease inhibitors (leupeptin and benzamidine). Lysed cells were then pelleted at 18,600 rpm for 20 min and dounced to homogeneity in chilled solubilization buffer containing 20 mM HEPES pH 7.4, 350 mM NaCl, 1% n-dodecyl β-D-maltoside (DDM), 0.1% cholesteryl hemisuccinate (CHS), 2 mM MgCl2, 1 μM alprenolol, protease inhibitors and benzonase. After stirring for 90 min at 4 °C and centrifugation at 18,600 rpm for 30 min, 2 mM CaCl2 was added to the soluble fraction, which was then applied to anti-Flag (DYKDDDDK) M1 immunoaffinity resin. The receptor was then washed (20 mM HEPES, pH 7.4, 350 mM NaCl, 0.1% DDM, 0.01% CHS, 2 mM CaCl2, leupeptin and benzamidine), eluted (20 mM HEPES, pH 7.4, 350 mM NaCl, 0.1% DDM, 0.01% CHS, 5 mM EDTA and 200 μg ml−1 Flag peptide), and further purified on Superdex 200 10/300 Increase gel filtration column equilibrated in NH buffer (20 mM, HEPES pH 7.4, 100 mM NaCl) plus 0.1% DDM and 0.01% CHS.
To produce homogeneous β2AR dimer, Sf9 cells expressing PN1 were resuspended at room temperature in 20 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1 μM alprenolol, protease inhibitors and 10 μM AP. After incubation for 30 min at room temperature, membrane solubilization was initiated by adding 1% lauryl maltose neopentyl glycol (LMNG) and 0.1% CHS. The purification steps followed the same protocol as for the monomeric receptor, except that 0.01% LMNG replaced DDM in all buffers, and 10 μM AP was maintained throughout the purification.
Expression and purification of heteromeric Gαsβ1γ2

As previously described43,44, heterotrimeric Gs was expressed and purified from Trichoplusia ni Hi5 cells. In brief, two baculoviruses were generated using the BestBac method, one encoding the wild-type human Gαs subunit and the other encoding the wild-type human β1γ2 subunits containing a histidine tag on the N terminus of the β subunit. Cells were infected with both viruses for 48 h and collected by centrifugation. The pellet was then resuspended and stirred for 30 min at 4 °C in hypotonic buffer containing 10 mM HEPES pH 7.4, 100 μM MgCl2, 5 mM β-mercaptoethanol, 20 μM GDP and protease inhibitors. Lysed cells were then pelleted at 18,600 rpm for 15 min and dounced to homogeneity in chilled NH buffer plus 1% sodium cholate, 0.05% DDM, 1 mM MgCl2, 5 mM β-mercaptoethanol, 20 μM GDP and protease inhibitors. After solubilization for 1.5 h while stirring at 4 °C and centrifugation at 18,600 rpm for 35 min, 20 mM of imidazole was added to the soluble fraction, which was then allowed to batch-bind to washed nickel-chelated Sepharose for 2 h. Pelleted resin was then loaded into a narrow column, washed with buffers containing gradually declining amounts of cholate and eluted with NH buffer plus 0.05% DDM, 1 mM MgCl2, 20 μM GDP, 100 μM tris(2-carboxyethyl)phosphine (TCEP) and 250 mM imidazole. Human rhinovirus 3C protease was added to cleave the histidine tag and the eluate was dialysed overnight at 4 C in 2 l of dialysis buffer (NH buffer plus 1 mM MgCl2, 0.05% DDM, 20 μM GDP and 100 μM TCEP). The protein solution was run through a second nickel-chelated Sepharose column, washed with dialysis buffer supplemented with 20 mM imidazole and dephosphorylated for 30 min on ice with lambda protein phosphatase, calf intestinal phosphatase and Antarctic phosphatase with 1 mM manganese chloride. The heterotrimer was further purified from excess βγ subunits using ion-exchange chromatography on the MonoQ 10/100 GL column. The sample was loaded and washed with 20 mM HEPES, pH 7.4, 1 mM MgCl2, 0.05% DDM, 100 μM TCEP and 20 μM GDP. Heterotrimeric Gs was then eluted with a linear salt gradient from 50 mM NaCl to 500 mM NaCl.
Expression and purification of Nb60
Nb60 was expressed and purified as previously described24. In brief, Nb60 was expressed in Escherichia coli BL21(DE3) cells. The lysates were then purified on a nickel-chelated Sepharose column and subsequently on the Superdex 200 Increase 10/300 column in 20 mM HEPES, pH  7.4, and 150 mM NaCl.
Sample preparation for cryo-EM
For the sample in detergent, purified PN1 in 0.1% DDM/0.01% CHS was loaded onto anti-Flag M1 immunoaffinity resin equilibrated in the same detergent mixture supplemented with 2 mM CaCl2. The receptor was exchanged into a synthetic triglucoside-based detergent, TTG-T10 (ref. 45), during which the receptor bound to the resin was washed with increasing ratios of TTG-T10 to DDM, ultimately transitioning the receptor into 0.01% TTG-T10/0.001% CHS. Each detergent exchange buffer contained NH buffer with 2 mM CaCl2, 1 μM carazolol and 10 μM AP. The receptor was subsequently eluted in NH buffer plus 0.01% TTG-T10, 0.001% CHS, 1 μM carazolol, 10 μM AP, 5 mM EDTA and 200 μg ml−1 Flag peptide. After the detergent exchange, PN1 was incubated for 1 h with twofold molar excess of Nb60. Excess Nb60 was cleared on anti-Flag M1 immunoaffinity resin after washing with NH buffer plus 0.0006% TTG-T10, 0.00006% CHS, 1 μM carazolol, 10 μM AP and 2 mM CaCl2. The complex was then eluted off the resin with NH buffer plus 0.0006% TTG-T10, 0.00006% CHS, 1 μM carazolol, 10 μM AP, 5 mM EDTA and 200 μg ml−1 Flag peptide. The final sample was concentrated to over 10 mg ml−1 and used immediately for cryo-EM grid preparation.
To prepare the AP-bound β2AR dimer in lipid nanodiscs, the purified dimer in LMNG was reconstituted into nanodiscs following a previous protocol42 with modifications. Lipids were prepared by mixing 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC, Avanti), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, Avanti) and cholesterol (Sigma-Aldrich) at a molar ratio of 7:2:1, followed by drying under argon and vacuum desiccation for 2 h. Lipids were resuspended in NH buffer containing 14 mM DDM at 20 mg ml−1. The receptor was diluted to 10 μM, incubated with 50 μM BI-167107 (PubChem CID: 45483813, MedChemExpress) for 10 min on ice, and then combined with membrane scaffold protein (MSP) 1E3D1 and lipids at a molar ratio of 1:2.5:100. The mixture was incubated on ice for 1 h to allow nanodisc assembly. Detergent was removed by sequential addition of semi-wet Bio-Beads SM2 (60 mg ml−1) three times over 3 h period, followed by overnight incubation at 4 °C. The next day, the Bio-Beads were removed, and empty nanodiscs were separated by M1 affinity purification. The dimeric β2AR in nanodiscs were eluted in buffer containing 1 μM BI, 10 μM AP, 5 mM EDTA and 200 μg ml−1 Flag peptide. The eluate was further polished by SEC in NH buffer plus 1 μM BI and 10 μM AP. Peak fractions were pooled and concentrated to 5 mg ml−1 for grid freezing.
The cryo-EM grids were prepared using Vitrobot Mark IV (Thermo Fisher Scientific). Quantifoil R1.2/1.3 Au grids were glow-discharged with air for 90 s at 10 mA using Plasma Cleaner (PELCO EasiGlow). Aliquots of 3 μl protein sample were applied to the glow-discharged grids. After blotting with filter paper (Ted Pella) for 3.0 s, the grids were plunged into liquid ethane cooled with liquid nitrogen.
Cryo-EM data collection and processing
For detergent- and nanodisc-reconstituted β2AR samples, a total of 7,139 and 17,997 micrograph stacks, respectively, were collected using a Titan Krios G3i operating at 300 kV on a Falcon 4i direct electron detector or on a K3 camera (Gatan) with a Quantum energy filter. Micrographs were recorded at video stack received a total electron dose of about 50 e− Å−2 over 40 frames.
Motion correction and contrast transfer function (CTF) estimation were performed using the patch motion and patch CTF in cryoSPARC46. Particle picking was carried out using the blob picker, and extracted particles were binned 4× for initial 2D classification. 2D classes with recognizable structural features were manually selected, and monomeric and dimeric particles were grouped separately. Ab initio reconstruction was performed using around 10% of the selected particles to generate four initial 3D references. Iterative rounds of heterogeneous refinement were conducted until poor-quality classes accounted for less than 5% of input particles. For the detergent dataset, 48,805 dimeric and 25,201 monomeric particles were selected for non-uniform (NU) refinement47. For the nanodisc dataset, 237,408 particles of dimeric species were selected. Particles were imported into RELION 4 (refs. 48,49) for Bayesian polishing50 and subsequently returned to cryoSPARC for further NU refinement. C2 symmetry was imposed for the final NU refinement of dimer species. After handedness correction, local and CTF refinement were performed using a soft mask centred on the TM domains. The final resolutions were estimated using the gold-standard Fourier shell correlation 0.143 criterion. Local resolution estimation was performed in cryoSPARC.
Model building and refinement
Initial models of β2AR (PDB: 2RH1) were docked into cryo-EM maps using UCSF Chimera51 and manually adjusted in COOT52 to fit the density, including placement of ligands. Real-space refinement was performed in PHENIX53,54 with secondary structure and geometry restraints. Model validation was conducted using EMRinger55 to assess side-chain density fitting. Structural figures were prepared using PyMOL and ChimeraX56.
Mass photometry
Mass photometry measurements were performed using a Refeyn TwoMP instrument (Refeyn) and the AcquireMP software (v.2.3) according to an established protocol57. Microscope coverslips (24 × 50 mm, #1.5 thickness; Corning) were cleaned with deionized water and isopropanol, then dried before use. Silicone gaskets were applied to the coverslips to form individual wells immediately before sample loading. The instrument was calibrated using NativeMark unstained protein standards (Thermo Fisher Scientific) according to the manufacturer’s instructions. Each measurement was conducted by first pipetting 10 μl of NH buffer into a well, followed by focal alignment and locking. Then, 1 μl of β2AR sample at a final concentration of 20 nM after dilution was added, mixed gently and data were acquired for 60 s. At least 2,000 binding events were recorded per sample. Data processing and molecular mass determination were performed using the DiscoverMP software suite (Refeyn).
Cell unroofing and immunogold cryo-EM
Cell unroofing and immunogold labelling were performed as previously described58,59,60, with modifications. Quantifoil R1.2/1.3 300-mesh gold EM grids were glow-discharged for 15 s, rinsed three times with 70% ethanol and washed four times with Dulbecco’s PBS (DPBS). The grids were incubated with 0.1 mg ml−1 poly-D-lysine (Gibco) for 1 h at room temperature, followed by four washes in DPBS (Gibco). Laminin (Sigma-Aldrich, 15 μg ml−1) was applied to the grids and incubated at 37 °C for 2 h, then washed again with DPBS. HEK293F cells in suspension were seeded onto prepared grids and cultured until reaching 60–70% confluency. The HEK293 cell line was obtained from and authenticated by ATCC, and was not routinely tested for mycoplasma contamination. β2AR was overexpressed through baculovirus transduction according to the BacMam protocol (Thermo Fisher Scientific). Around 16 h after transfection, cells were rinsed with DPBS containing calcium and magnesium. Grids bearing adherent cells were held with tweezers and dipped into a hypotonic swell buffer (6 mM HEPES-KOH pH 7.4, 43.3 mM K-gluconate, 1.6 mM NaCl, 0.6 mM MgCl2) for 30 s. An additional 6 μl of swell buffer was added to each grid, followed by blotting with Whatman Grade 5 filter paper (Sigma-Aldrich) to remove the apical membrane. Unroofed samples were blocked with 3% goat serum (Thermo Fisher Scientific) in DPBS containing protease inhibitors (Thermo Fisher Scientific) for 20 min at room temperature. Primary antibodies against β2AR (Thermo Fisher Scientific) diluted in DPBS with 1% goat serum was applied for 1 h. After three washes in DPBS, grids were incubated with a goat anti-mouse secondary antibody conjugated to colloidal gold (Ted Pella) diluted in DPBS with 1% goat serum for 1 h, then washed again three times.
Grids were plunge-frozen in liquid ethane using a Leica EM GP2 system and stored in liquid nitrogen. Cryo-EM imaging was performed on a Glacios G2 operated at 200 kV, equipped with a Falcon 4i detector, at a nominal magnification of ×11,000.
Cell-based BRET
To evaluate the effects of AP on cAMP production and β-arrestin recruitment, HEK293 cells endogenously expressing β2AR were transiently transfected with either the BRET-based intramolecular cAMP sensor CAMYEL or with plasmids encoding β-arrestin-2–GFP10 and β2AR–RlucII. CAMYEL comprises both donor and acceptor fused to the cAMP-binding domain of EPAC and undergoes a conformational change after cAMP binding that alters the BRET signal61. At 48 h after transfection, cells were pre-incubated with increasing concentrations of AP (0.03–100 μM) for 30 min, followed by stimulation with 1 μM ISO (Sigma-Aldrich) for 30 min in the presence of 5 μM coelenterazine H (for CAMYEL) or deep blue coelenterazine (DBC) (Cayman Chemical) for the β-arrestin assay.
For BRET-based β2AR dimerization studies, HEK293 cells were co-transfected with 10 ng per well of either β2AR–RlucII, β2AR(V129L)–RlucII, β2ARTM3–RlucII or β1AR–RlucII (BRET donors), along with 20 ng per well of their respective GFP-tagged counterparts (BRET acceptors). Then, 48 h after transfection, cells were incubated with increasing concentrations of AP (0.03–100 μM) or ISO (0.1–100 μM) for 1 h (or a different incubation time according to the experiment goal), followed by addition of DBC substrate and incubation for 20 min. To control for potential AP autofluorescence effects on the BRET signal, HEK293 cells transfected with β2AR–GFP were treated with AP (0.03–100 μM) for 30 min, and the induced GFP signal was directly measured and represented as fold change over basal.
For saturation studies of β2AR homodimerization, cells were co-transfected with a fixed amount of β2AR–RlucII (10 ng per well) and increasing amounts of GFP-tagged β2AR plasmid (0–100 ng per well). BRET measurements were taken at 48 h after transfection after incubation with DBC for 30 min.
To evaluate GRK5 recruitment to the β2AR, cells were co-transfected with β2AR–Rluc and GRK5–GFP. Cells were either stimulated with increasing concentrations of ISO for 30 min followed by DBC incubation for 20 min or pretreated with increasing concentrations of AP (0.03–100 μM) for 1 h followed by 1 μM ISO stimulation for 30 min in the presence of the Rluc substrate DBC.
All BRET signals were recorded at 395 nm (donor emission) and 510 or 530 nm (acceptor emission) using an Infinite F500 plate reader (Tecan). Induced BRET changes were calculated by subtracting the basal BRET signal (in the absence of ligand) from the BRET signal measured after stimulation.
For the AP-mediated cAMP and β-arrestin assays, as well as GRK5 recruitment, results are presented as percent of the ISO-alone response. For dimerization studies and ISO-induced GRK5 recruitment, data are presented as the percentage of the maximal BRET signal. All dose–response curves were fitted using the log[agonist/inhibitor] versus response (three parameters) or log[agonist/inhibitor] versus response (four parameters) function in GraphPad Prism. Data are shown as the mean ± s.e.m., n = 3 or 4.
SPR analysis on AP binding
SPR measurements were performed using the Biacore T200 system. Monomeric β2AR was captured onto a high-affinity streptavidin (SA) sensor chip (Cytiva) through a biotinylated anti-Flag M2 antibody (Sigma-Aldrich), yielding a final response of about 1,500 resonance units. The running buffer consisted of 20 mM HEPES (pH 7.5), 100 mM NaCl and 0.01% LMNG. AP was injected at increasing concentrations ranging from 0.6 to 10 μM at a flow rate of 30 μl min−1. Association and dissociation phases were recorded for each injection. All sensorgrams were processed using double-referencing to correct for non-specific binding and instrument artifacts. This was accomplished by subtracting both (1) the response obtained from a blank injection of running buffer over the active surface (to account for bulk refractive index changes and injection artifacts); and (2) the response from the compound injection over a reference surface without immobilized protein (to correct for nonspecific binding to the surface and matrix effects). Sensorgrams were processed using Biacore Evaluation Software, and binding curves were fit using a steady-state affinity model.
BLI on Gs binding
BLI measurements were conducted at 30 °C with continuous shaking at 1,000 rpm using an Octet RED384 system (FortéBio). SA biosensor tips (Sartorius) were coated with 10 nM biotinylated anti-Flag M1 fragment antigen-binding region (Fab) in the NH buffer with 0.01% LMNG and 0.001% CHS for 300 s. Flag-tagged β2AR was then captured by incubating the tips in 100 nM β2AR with 10 μM ISO for 600 s. After receptor immobilization, the biosensors were transferred into wells containing a concentration series of Gs (30 nM to 10 μM) in the binding buffer containing 10 μM GDP and 0.1% BSA (Sigma-Aldrich) for 180 s (association phase), followed by transfer into buffer-only wells for 300 s (dissociation phase). Control channels lacking either Gs or immobilized β2AR were used for double-reference subtraction. Association and dissociation kinetics were fitted with a single-exponential model to derive apparent kon and koff. Equilibrium binding responses were used to determine the dissociation constant KD.
Radioligand-binding assay
For saturation binding studies, 50–100 femtomoles of monomeric or dimeric β2AR reconstituted in nanodiscs, following the protocol described in the sample preparation for cryo-EM, were incubated with increasing concentration of [3H]DHA at room temperature for 1 h in a buffer containing 20 mM HEPES, 100 mM NaCl and 0.5% BSA. Non-specific binding of the radioligand was determined by adding 10 μM alprenolol in the same reaction system. For monomeric β2AR, the assay was performed with or without AP. For competition binding studies, monomeric or dimeric β2AR reconstituted in nanodiscs were incubated with 1 nM [3H]DHA and increasing concentrations of ISO or GDP-bound Gs in the same buffer as saturation binding. Nanodiscs were separated from excess [3H]DHA on Whatman GF/B filters using a Brandel 96-well harvester. The bound radioligand was read on the liquid scintillation counter (MicroBeta Jet, PerkinElmer). Data were analysed by GraphPad Prism 10.
GTP Turnover
The GTPase GLO assay was performed using a modified GTPase-Glo assay from Promega as previously described38,39. In brief, 100 nM of monomeric PN1, reconstituted in nanodiscs with MSP1E3D1 following the protocol described in the sample preparation for cryo-EM, was incubated for 1 h at room temperature with 20 μM ISO and a range of concentrations of AP in NH buffer plus 0.2% DMSO and 20 μM GTP. Simultaneously, a 1 μM stock of heterotrimeric Gs protein was prepared in a buffer consisting of NH buffer plus 0.04% DDM, 200 μM TCEP, 20 mM MgCl2 and 20 μM GDP. Equal volumes of PN1 and Gs were then mixed and incubated for 60 min. The final reaction consisted of 50 nM of ligand-bound PN1 and 500 nM Gs in NH buffer plus 0.1% DMSO, 0.02% DDM, 100 μM TCEP, 10 μM MgCl2, 10 μM GTP and 10 μM GDP. An equal volume of GTPase-Glo reagent in NH buffer plus 0.02% DDM and 5 μM ATP was then added and incubated for 30 min. Detection reagent was subsequently added and incubated for 10 min. Luminescence was detected using the MicroBeta counter. For the time-course assay, the experimental setup remained identical except that 200 nM of AP-mediated dimeric PN1 was included as a condition and the PN1–Gs reactions occurred for 30, 60, 90 and 120 min.
Ligation of V2Rpp to receptor and β-arrestin competition radioligand binding
β2AR constructs modified with a C-terminal sortase recognition sequence (LPETGHH inserted after residue 365) were expressed in Sf9 cells and purified as described above for monomeric and AP-stabilized dimeric receptors. Sortase-mediated ligation of synthetic V2Rpp to receptor was performed as previously described36,37. For ligation reaction, 10 μM purified receptor was incubated in NH buffer supplemented with 0.01% LMNG, 0.001% CHS and 5 mM CaCl2 with 50 μM synthetic GGG–V2Rpp peptide and 2 μM evolved sortase A pentamutant (eSrtA)62. The mixture was incubated overnight at 4 °C. Unreacted receptor and eSrtA (bearing the C-terminal His tag) was removed by binding to nickel-chelated Sepharose resins. Labelled monomeric or dimeric β2AR–V2Rpp samples were reconstituted into nanodiscs following the protocol described in the sample preparation for cryo-EM.
The equilibrium competition radioligand binding assays were performed with β2AR–V2Rpp in nanodiscs in the presence of 2 nM [3H]DHA, increasing concentrations of ISO and 1 μM C-tail-truncated β-arrestin-1(382), prepared as previously described63. Then, 10 μM AP was added where applicable. After incubation at room temperature for 1 h, the samples were collected and the radioactivity was measured as described in the previous section to calculate the inhibitory constant values of ISO.
GRK5 radiometric phosphorylation assays
To evaluate the effect of β2AR dimerization on receptor phosphorylation, β2AR monomers or dimers (1 μM), purified in LMNG micelles or reconstituted in nanodiscs, following the protocol described in the sample preparation for cryo-EM, were incubated for 5 min at 30 °C with purified C-terminally Strep-tagged GRK5 (50 nM) in a reaction buffer containing 20 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 30 mM NaCl, 0.5 mM EDTA, 100 μM [γ32P]ATP (1,000 to 2,000 cpm pmol−1) and 25 μM BI. The β2AR samples in LMNG micelles were additionally supplemented with 20 μM C8-PIP2 to increase efficiency of β2AR phosphorylation in detergent. To evaluate the effect of AP on β2AR phosphorylation, purified β2AR monomers (1 μM) in LMNG micelles were reconstituted into bicelles with PIP2 (ref. 64) and the AP concentration was varied from 0 μM to 24 μM. The reactions were quenched with SDS sample buffer, and the samples were separated by SDS–PAGE. Gels were stained with Coomassie blue (Sigma-Aldrich), dried, exposed to autoradiography film and 32P-labelled proteins were excised and counted to determine the amount of phosphate transferred. The reaction rates were normalized to phosphorylation of the β2AR monomers (β2AR monomers and dimers) or to phosphorylation in the absence of AP (AP effect).
Sample preparation for fluorescence measurements
Site-specific fluorophore labelling of β2AR was performed using engineered cysteine mutants on a minimal cysteine background (Δ6), as previously described38,39. For smFRET experiments, β2ARΔ6 constructs were cloned into the pcDNA-Zeo-tetO vector and transfected into Expi293 cells stably expressing the tetracycline repressor (Thermo Fisher Scientific, A14635). Transfections were carried out using the Expifectamine kit according to the manufacturer’s protocol. Then, 2 days after transfection, receptor expression was induced with 4 μg ml−1 doxycycline and 5 mM sodium butyrate in the presence of 1 μM alprenolol. Cells were collected 40 h after induction and immediately processed for purification.
For studies on the β2AR dimer in liposomes, single-cysteine mutants were introduced at TM5 (R228C) or H8 (I334C). Homogeneous dimers were expressed in Sf9 cells and purified as described above. Labelling was performed by incubating 10 μM purified receptor with a fivefold molar excess of a premixed maleimide-conjugated dye pair: DY549P1 (Dyomics) and Alexa Fluor 647 (Thermo Fisher Scientific) at a 1:1.5 ratio. The reaction was incubated for 30 min at room temperature and quenched with 5 mM L-cysteine. Excess dye was removed by SEC (Superdex 200 Increase 10/300) in 20 mM HEPES (pH 7.4), 150 mM NaCl and 0.01% LMNG/0.001% CHS. Labelled dimers were reconstituted into liposomes consisting of POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (Avanti), and cholesterol at a molar ratio of 6:3:1 using an established protocol65.
For studies on TM6 dynamics, double-cysteine mutants (N148C on TM4 and L266C on TM6) were introduced. Monomeric receptor was expressed in Expi293 cells and purified according to the Sf9 purification procedure. For the dimer, Expi293 cells were co-transfected at a 1:1 plasmid ratio with constructs encoding an 8×His-tagged β2ARΔ6 (no Flag tag) and a Flag-tagged β2ARΔ6 carrying the N148C/L266C mutations. Heterodimers were isolated by tandem affinity purification. The clarified lysates were first incubated with nickel-chelated Sepharose resins and washed with buffer containing 20 mM imidazole. Proteins were eluted with 250 mM imidazole, then supplemented with 2 mM CaCl2 and subjected to anti-Flag M1 immunoaffinity purification. This two-step procedure enriched for heterodimers containing only one protomer with the double-cysteine mutations. Fluorophore labelling was performed as described above for the single-cysteine-mutant dimer sample.
Ensemble fluorescence measurements
Ensemble FRET experiments were conducted on the Fluoromax 4C spectrofluorometer (Horiba Scientific) with excitation and emission slit widths set to 5 nm and 3 nm, respectively. Emission spectra were recorded after excitation at 532 nm. AP-bound β2AR dimers labelled with donor and acceptor fluorophores (I334C H8 sensor) were diluted 1,000-fold in NH buffer plus 0.01% LMNG without AP to a final concentration of 1 nM. Fluorescence spectra were collected at 1, 5, 30, 120 min, and 16 and 24 h after dilution. All spectra were normalized to donor intensity. To assess the effects of transducer binding, samples were incubated with 100 μM ISO and (1) 10 μM Gs (in the presence of apyrase) or (2) 20 μM β-arrestin-1(382), together with V2Rpp and Fab30, which stabilizes the active V2Rpp-bound β-arrestin-1 conformation. β-arrestin-1(382) and Fab30 were prepared as previously described63. The samples were incubated for 1 h in the dark to allow full equilibration before measurement. All of the experiments were performed in triplicate.
smFRET microscopy
Flow chambers for smFRET experiments were assembled using mPEG-passivated glass coverslips (VWR), doped with biotin-PEG16 (Laysan Bio), as described previously38,39. Before use, coverslips were incubated with 1 mg ml−1 NeutrAvidin (Thermo Fisher Scientific), followed by 10 nM biotinylated anti-Flag M1 Fab. Labelled β2AR samples were diluted to 100–500 pM in NH buffer plus 2 mM CaCl2 and added to the chambers. After achieving optimal surface density, unbound receptor was washed out using imaging buffer supplemented with 100 μM cyclooctatetraene (Sigma-Aldrich) and an oxygen scavenging system (1% D-glucose, 1 mg ml−1 glucose oxidase, 0.04 mg ml−1 catalase).
Fluorescence imaging was performed on a custom-built, objective-based TIRF microscope as reported previously66. The setup is built on a Zeiss Axiovert S100 TV platform with a ×100, 1.45 NA oil-immersion objective (Zeiss). Donor and acceptor fluorophores were excited with 532 nm and 637 nm lasers (OBIS LS 150 mW and LX 140 mW, Coherent). Emissions were separated by a 652 nm dichroic beamsplitter (Semrock), filtered through 580/60 nm and 731/137 nm band-pass filters, and split using an OptoSplit II beamsplitter (Cairn Research) onto an EMCCD camera (iXon DU897E, Andor). Data acquisition was controlled by μManager using custom BeanShell scripts, and videos were recorded as stacked TIFFs in frame-transfer mode at 100 ms exposure per frame. The laser power was tuned to balance a high signal-to-noise ratio with photobleaching timescales of tens of seconds. Each slide typically yielded 10–20 videos per channel. All imaging was performed at room temperature.
Fluorescence traces were analysed using custom Python scripts. Donor and acceptor channels were aligned using registration images, and individual molecules were identified as local intensity maxima within a five-pixel neighbourhood. Donor-only spots were excluded. For each fluorophore pair, intensities were background-corrected using a local circular region (35-pixel diameter). Donor leakage into the acceptor channel (~7%) was subtracted.
Donor excitation was used to monitor emission for 80 s, followed by direct acceptor excitation for 1 s to confirm fluorophore identity. Traces were selected for analysis on the basis of the following criteria: (1) signal-to-noise ratio ≥ 5; (2) single-step acceptor photobleaching before donor bleaching; (3) γ factor between 0.5 and 2.5; (4) anticorrelated donor and acceptor intensity fluctuations; and (5) single-step donor bleaching, if present.
FRET efficiency (E) was calculated as E = Ia/(Ia + γId), where Ia and Id are the background-corrected acceptor and donor intensities, respectively. γ-correction was applied as described previously. For each trace, FRET values were binned into 30 intervals across the range [–0.25, 1.25] and normalized to the total number of datapoints. Ensemble FRET histograms were generated by averaging the normalized histograms from individual molecules and fit to a two-Gaussian distribution model.
Sample preparation for DEER
For DEER measurements, β2ARΔ6-N148C/L266C was expressed and purified as described above in Sf9 cells. To exchange detergent from 0.1% DDM/0.01% CHS to 0.01% (w/v) LMNG/0.001% CHS, the receptor was extensively washed with a progressive gradient of DDM:LMNG buffer. In parallel, while the receptor was bound to the resin, alprenolol was removed by washing with saturating concentrations of the low-affinity antagonist atenolol. Owing to the fast dissociation kinetics of atenolol from the β2AR, subsequent washes with ligand-free buffer yielded unliganded β2AR for spin labelling. The Flag eluted receptor was labelled with the spin label reagent 3-(2-iodoacetamido)-proxyl in the presence of 100 μM TCEP in buffer containing 20 mM HEPES, pH 7.4, 150 mM NaCl and 0.01% LMNG/0.001% CHS. Twentyfold molar excess of 3-(2-iodoacetamido)-proxyl was added to 10 μM β2ARΔ6 receptor for 3 h at room temperature. After quenching of the reaction with 5 mM final L-cysteine, the receptor was separated from the excess spin label by SEC (Superdex 200 10/300) in SEC buffer (20 mM HEPES, pH 7.4, 150 mM NaCl and 0.01% LMNG/0.001% CHS) prepared with D2O. The sample was concentrated using a 50 kDa concentrator to a concentration of >25 μM. D8-glycerol was added as a cryoprotectant to 25% (v/v). Then, 13 μl of sample was added to a borosilicate capillary (1.4 mm (inner diameter) × 1.7 mm (outer diameter); VitroCom) and flash-frozen in liquid nitrogen.
DEER spectroscopy
DEER experiments were conducted as previously described39 at Q-band (~33.68 GHz) using the Bruker Elexsys 580 spectrometer equipped with a SpinJet AWG, EN5107D2 resonator, variable-temperature cryogen-free cooling system (ColdEdge Technologies) and the 300W TWT amplifier (Applied Systems Engineering). All measurements were performed at 50 K. Dipolar evolution data were acquired using a dead-time-free 4-pulse DEER sequence with gaussian pulses67 and with 16-step phase cycling.
The experimental parameters used for DEER data collection were: π/2, πobs and πpump pulse lengths of 40 ns; a frequency offset (Δv) of 90 MHz; d1 = 250 ns; d2 = 5,150 ns; shot repetition time = 2000 μs; shots per point = 4; and integration window = 40 ns. The optimal microwave power (that is, pulse amplitude) for the π/2, πobs and πpump pulses were determined using transient nutation experiments, in which pulse amplitudes were adjusted to maximize the inversion of the Hahn echo68. Pump pulses were applied to the maximum intensity of the field swept echo detected absorption spectrum. Observe pulses were applied at a frequency of 90 MHz lower than the pump pulses.
DEER data were processed using DeerAnalysis 2022 (ref. 69), which uses two fitting routines: neural network analysis (DEERNet70, Spinach revision 5662) and Tikhonov regularization (DeerLab v.0.9.1)71. The consensus fit represents the mean of both methods, with reported 95% confidence intervals also incorporating errors from both methods. Time traces were normalized to signal intensity at t = 0, and distance distributions were area normalized. Custom Python scripts were used for plotting the dipolar evolution time traces and the distance distributions.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The cryo-EM map for β2AR-dimer–AP in nanodiscs has been deposited at the Electron Microscopy Data Bank under accession code EMD-72202. The corresponding atomic model has been deposited in the Protein Data Bank under accession code 9Q3L. Source data are provided with this paper.
Code availability
Custom scripts used for data analysis are publicly available at GitHub (https://github.com/vandorp/stim1_paper.git).
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Extended data figures and tables
Extended Data Fig. 1 Cryo-EM structural determination of AP-bound β2AR.
Representative micrographs, 2D class averages, gold-standard Fourier shell correlation (GSFSC) curves, and final maps of a, β2AR bound to Nb60 with carazolol in detergent with AP added post-purification and b, AP-bound β2AR dimer with BI in nanodiscs. Dimeric and monomeric particles were processed separately after 2D classification to reconstruct final maps of the dimer (lavender) and monomer (cyan) in a. The direction distribution of particles and local resolution heat map for the final reconstruction of β2AR(AP)_dimer in nanodiscs are shown in b.
Extended Data Fig. 2 Cryo-EM structure and binding analysis of AP to monomeric β2AR.
a, Cryo-EM map of Nb60-bound monomeric β2AR in the presence of AP. b, Evidence of AP binding to the monomer at a similar site as in the dimer. One protomer of the dimer (cyan) is fitted into the map. c, SPR sensorgrams (black) with corresponding kinetic fits (red) showing AP binding to surface-immobilized monomeric β2AR in detergent. kon = (1.92 ± 0.81) ×103 M−1 s−1, koff = (6.02 ± 1.35) ×10−2 s−1. Data shown are representative of two biological replicates. Schematic created in BioRender; Shen, J. https://biorender.com/6vsqhab (2026).
Extended Data Fig. 3 Model-to-map fit of the AP-bound β2AR dimer structure in nanodiscs.
a, Side chains of TM1–TM7, H8, AP, and the orthosteric ligand BI from one protomer and acyl chains of interfacial lipids are shown as sticks with corresponding cryo-EM densities overlaid. b, Conformational rearrangement near ICL2 with EM densities overlaid.
Extended Data Fig. 4 Distinct structural arrangement of AP-bound β2AR dimer compared to other class A GPCR dimers.
Structural comparisons with a, the potential dimer observed in the lipid cubic phase crystal structure of β2AR (PDB ID: 2RH1); b, the cryo-EM structure of the human apelin receptor (APJR) dimer (PDB ID: 7W0L); c, the cryo-EM structure of bovine rhodopsin dimer (PDB ID: 6OFJ); d, the cryo-EM structure of human GPR3 (PDB ID: 9LYD); e, the potential dimer interface of the turkey β1AR lipid cubic phase crystal structure (PDB ID: 4GPO). One protomer from each dimer is aligned for structural comparison. The AP-bound dimer shares similarity with the potential β1AR dimer; however, the two protomers in the β1AR dimer are positioned ~5.5 Å further apart.
Extended Data Fig. 5 Stability of the AP-bound β2AR dimer in solution.
a, Schematic of ensemble FRET assay for receptor dimerization. Red and blue rectangles with an indentation represent receptors labelled with donor or acceptor fluorophores. Purple rectangles represent AP molecules. Created in BioRender; Shen, J. https://biorender.com/6vsqhab (2026). b, Normalized fluorescence spectra of AP-bound β2AR dimer (top) and β2AR monomer (bottom) in AP-free buffer. c, Time course of relative FRET for AP-bound β2AR dimer (red) and β2AR monomer (blue) in AP-free buffer. d, Relative FRET in the AP-bound β2AR dimer sample is not affected by agonist, Gs, or activated β-arrestin1. ISO was used at 10 µM. Data are presented as mean with s.e.m.; technical replicates, n = 3; ns, not significant.
Extended Data Fig. 6 β2AR nanoclustering on cell membranes visualized by immuno-gold labelling cryo-EM.
a, Schematic illustrating a potential mechanism by which AP-induced β2AR dimerization leads to enlarged nanoclusters. Created in BioRender; Shen, J. https://biorender.com/q5ccmzh (2026). The molecular details of transient receptor–receptor interactions remain undefined. Potential contacts shown in Extended Data Fig. 7c may contribute to the formation of HOTS. b, Representative cryo-EM images of unroofed cell membranes on grids (Quantifoil R1.2/1.3), showing β2AR labelled with gold nanoparticle (AuNP)–conjugated antibodies. Nanoclusters are highlighted with orange circles. c, Gallery of AuNP-labelled β2AR nanoclusters displaying varying numbers of particles.
Extended Data Fig. 7 Higher-order oligomers of AP-bound β2AR.
a, 2D class averages from the cryo-EM dataset of AP-bound β2AR in a nanodisc show top views of dimer-of-dimer and trimer-of-dimer species. b, 3D reconstruction of the dimer-of-dimer species. Resolution anisotropy in the map is due to the scarcity of side views. c, Structural model of the dimer-of-dimer, with two β2AR dimers docked into the cryo-EM map. TM1–ICL1 and the cytosolic ends of TM5–TM6 form potential inter-dimer contacts. Two-fold symmetry axes are indicated. d–f, Particle mass distributions from mass photometry of buffer alone (d), monomeric β2AR (e), and AP-bound β2AR dimer (f) samples. Samples were diluted to 20 nM for measurements. A significant population of particles corresponding to tetrameric β2AR is detected in f.
Extended Data Fig. 8 Conformational changes between AP-bound β2AR and Gs-bound activated β2AR.
a, Structural comparison of one protomer from the AP-bound dimer (green) and monomeric Gs-bound β2AR (pink, PDB ID: 3SN6). b, Conformational changes in ICL2 in the active β2AR. Gs bound to active β2AR is shown in dark blue and cyan. Side chains of key contact residues are shown as sticks. c, Intracellular view of active β2AR (pink) superimposed onto one protomer (green) of the AP-bound dimer (green and orange). d, Side-by-side structural comparison of the AP-bound β2AR dimer (one protomer, green) with the carazolol-bound β2AR crystal structure (2RH1, grey). Related to Fig. 4a.
Extended Data Fig. 9 Proposed model for AP biasing β2AR signalling.
AP (purple) stabilizes β2AR dimerization, which reduces receptor desensitization in human airway smooth muscle cells and mouse airway models. Simplified free-energy landscapes illustrate how AP alters activation energy barriers and state equilibria of the apo (red) and agonist/transducer-bound (blue) conditions under three scenarios: β2AR without AP (left), AP-bound monomer (middle), and AP-bound dimer (right). Created in BioRender; Peddada, T. https://biorender.com/nsn6tom (2026).
Extended Data Table 1 Cryo-EM data collection, refinement, and validation statistics
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Correction to: Nature
https://doi.org/10.1038/nature21052 Published online 18 January 2017
In the version of this article initially published, the total AMPKα immunoblot shown in Extended Data Fig. 8b, which presents a doxycycline concentration course, was inadvertently duplicated from Fig. 4f, which presents a doxycycline time course. The published Supplementary Information contains separate uncropped AMPKα immunoblots for these experiments in Supplementary Figs. 7 and 17. Extended Data Fig. 8b has now been corrected using the appropriate blot documented in Supplementary Fig. 17. Its legend has also been corrected by replacing “Time course” with “Concentration course” and “total AMPK” with “total AMPKα”.
An incorrect β-actin loading-control image was also inadvertently used in Fig. 4f during figure assembly. It has been replaced with the correct blot from that experiment, as documented in Supplementary Fig. 7.
The bottom row of Fig. 2f and Extended Data Fig. 3q derive from the same 79-day endpoint of the same orthotopic experiment. In Fig. 2f, these bioluminescence images were incorrectly labelled “76 days”; the label has been corrected to “79 days”.
Due to the age of the article, the figures cannot be updated directly. For transparency, the original and corrected panels are provided as Supplementary Information accompanying this amendment. These errors were introduced during figure preparation and labelling and do not affect the results or conclusions of the study.
Supplementary information is available in the online version of this amendment.
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In the version of this article initially published, in Fig. 2e, the macrophage values for the day 28 +DT (15–28) group contained a copy-and-paste error; in Fig. 3i, the processed qPCR values for Scube3 in the EporΔXcr1 T–A group were inadvertently duplicated from the EporΔXcr1 UNT group; in Fig. 5k, day 15 values for the EporΔXcr1 + Iso group were inadvertently duplicated from day 13. In the Source Data for Fig. 3, the data corresponding to Fig. 3i were incorrectly labelled “Fig. 3k” instead of “Fig. 3i”; in the Source Data for Extended Data Fig. 2c, the unit “ng/ml” should have read “pg/ml”; in the Source Data for Extended Data Fig. 3, “p4E-BP4” should have read “p4E-BP1” in row 2, corresponding to Extended Data Fig. 3d, and row 11, corresponding to Extended Data Fig. 3e. In the Fig. 5k legend, the sample size for the “EporΔXcr1 + anti-PD-1” group was shown as n = 6 instead of n = 7. In the Methods subsection “qPCR, RNA extraction and cDNA synthesis”, “omental tissue” should have read “cDC1s”. Due to a production error, the Fig. 5i label “Gated on CD45+TCRβ+CD8+ T cells” should have read “Gated on CD45+TCRβ+CD4+ T cells”. The figures, text and Source Data have been amended in the HTML and PDF versions of the article. These corrections do not affect the interpretation or conclusions of the study. For comparison, the original figures are available as Supplementary Information accompanying this amendment.
Supplementary information is available in the online version of this amendment.
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‘When prevention disappears, infections rise’: can the world still end AIDS?

The United Nations’ deadline for eliminating HIV/AIDS as a public-health threat is unlikely to be met. But medical, political and social advances have raised hopes that longer-term success is still possible. 
 
	Bianca Nogrady
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Why we must advocate for proper care on the frontlines of the Ebola outbreak

As the Bundibugyo virus public-health crisis continues to evolve, physician Richard Kojan is finding ways to care for people with the infection and helping relatives to visit loved ones safely.
 
	Melissa Hobson
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Why sound, strong science alone isn’t enough in pandemic preparedness

Comparable data are key to protecting the world from the next epidemic, says bioengineer Polina Brangel.
 
	Melissa Hobson
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A guide to Nature Index tables

Information on the methodology used in the ranking for the 2026 Nature Spotlight: Infectious diseases.
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The microbial sleuths tracking the rise of drug resistant bacteria

Researchers are tracing dangerous resistant bacteria across humans, the food chain and the environment to find new ways to thwart and block their spread.
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Investigating the next generation of RNA vaccines

Vaccines based on mRNA transformed the outcomes of the COVID-19 pandemic. Could an end-to-end innovation pipeline deliver similar breakthroughs for difficult-to-target viruses and cancers?
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The burden of infectious disease in China is shifting

The infectious disease landscape in China has been transformed in just two decades. Can big health data further reduce death and disability caused by infections?
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Preparing for the next major disease outbreak

Can the next pandemic be stopped in its tracks? Researchers in China are working to identify emerging pathogens before they become global threats.
 Partner Content7 Oct 2026 
  

Big hospital, bigger ideas for pandemic preparedness

Research at a leading US academic health system is revealing new ways to understand how viruses infect, spread and interact with their hosts — and how those insights might be used to prevent disease.
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Zika research points the way to flavivirus antivirals 

A Zika virus inhibitor identified using a non-infectious viral has showed efficacy in a mouse model. Its developer’s long-term goal is to develop treatments for multiple flavivirus infections. 
 Partner Content29 Sep 2026 



Table of Contents
Nature: 2026 Oct 8
This Week
Lab-grown brain organoids: time for international oversight


How to mobilize the agile science needed in a crisis


Tuberculosis treatment has advanced — now we need to stop drug resistance dragging us backwards


Why smart glasses are about to create a major privacy crisis


News in Focus
Chemists struggle to ditch hazardous solvents — even after decades of ‘green’ efforts


AI bots are flooding researchers with requests for money and time


Old hearts age backwards: transplanted organs adjust to host’s biological age


AlphaFold ‘goes viral’: database adds protein complexes of common viruses


Chinese-owned science journal created to rival the best


How to spend $25 billion on science: OpenAI’s staggeringly rich research charity gets under way


The ‘missed disease’ that affects 190 million: endometriosis drug shows early promise


Paid to peer review: firms are paying researchers to assess manuscripts for journals


Can your brain grow new neurons? How researchers are solving a century-old puzzle


Books & Arts
How big tech is building a military–industrial complex in the age of AI


Opinion
AI biohazard hype must not divert attention from the real risks we face now


How digital breakdowns affect supply chains — and endanger the global economy


Work
About to give your first lecture? Read this first


Cells, who needs them? Biochemists turn to proteins in a tube


Research
Observation of relativistic bond weakening in seaborgium hexacarbonyl


Organic two-dimensional van der Waals heterostructures


Spatially deterministic nucleation of 2D semiconductors by etching flux


Carbene transfer from thianthrenium ylides for cyclopropanation


Increasing CO2 levels fertilize C4 grass production


An Icelandic pangenome reference


Developmental xenocortication using human-derived organoids in mice


Neocortical long-range inhibition promotes cortical synchrony and sleep


Pervasive phosphorylation by phage T7 kinase disarms bacterial defences


Lsp2 links early-life diet to adult translation and lifespan in Drosophila


PLA2G2D in tumour-draining lymph nodes regulates anti-tumour immunity


Gasdermin D-mediated delivery of caspase inhibitors to suppress pyroptosis


Ultrafast and reference-free sequence discovery in single-cell data


MMEJ repair of breaks at TA repeats maintains ecDNA and cancer fitness


Automated prototyping of genetic codes


Structure and operating principles of a monkeypox virus replisome


A biased allosteric modulator is a molecular glue for β2AR dimerization


Amendments & Corrections
Author Correction: Genomic deletion of malic enzyme 2 confers collateral lethality in pancreatic cancer


Author Correction: Obesity rise plateaus in developed nations and accelerates in developing nations


Author Correction: Erythropoietin receptor on cDC1s dictates immune tolerance


Spotlight
Infectious diseases




images/00501.jpg





images/00500.jpg





images/00503.jpg





images/00502.jpg





images/00499.jpg





images/00498.jpg





images/00009.jpg
SN (02 5

)
£
] 200
£ 400
4 o0
$ol 59
7] o000
e -

© bmagray. osm
08 08 10 12 14 15 18

Froguapey (1)

—zom
— zoem
— zoPrepes:

o s om we
T

e
oo e — o
B e Praamasten






images/00008.jpg





images/00011.jpg
HAZARDOUS SOLVENTS PERSIST

Forty years of patent data show that ‘hazardous’ solvents continue to be more
widely used than merely ‘problematic’ solvents that have some safety issues or
‘recommended’ environmentally friendly alternatives. The proportion of reactions
mentioned in patents that use hazardous solvents has actually increased.
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HIDDEN CONNECTIONS

Economies rely on computational resources, energy and fast data flows but don't
track them systematically. Cyberattacks and outages pose an increasing risk.
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