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How 2025 showcased the power and resilience of science
 There were huge disruptions to the global scientific enterprise this year — but immense bright spots for health, discovery, innovation and research collaboration. 
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Geoscientist Mengran Du and her team reported the deepest ecosystem known to host animals this year.Credit: Billy H.C. Kwok for Nature
A year of chaos. That is how many researchers in the United States, at least, will remember 2025. Cuts to federal funding and the federal workforce, political threats to US universities, an immigration crackdown and the country’s withdrawal from global organizations have stymied research in many fields and reshaped, probably for decades to come, the landscape of the world’s leading sponsor of science. Throughout the world, financial pressures, political interference and rising nationalist sentiment have put increased strain on a scientific enterprise that thrives on independence, openness and diversity, as Nature’s special series on the future of universities has reported over the past few months.
Yet there remains much to celebrate — which is made plain in the stories of the scientists and innovators profiled in this year’s Nature’s 10, a selection of ten people who shaped the research landscape in 2025.
Some stood up for scientific values, such as Susan Monarez, who was fired after a brief tenure as head of the US Centers for Disease Control and Prevention, during which time she was asked to pre-approve vaccine recommendations without considering the relevant data.
Others kept the flame of multilateralism and evidence-based policymaking burning. In a year of rising tensions and unresolved conflicts, the agreement of the world’s first pandemic treaty in April was a bright spot. Some details still need to be hammered out, but representatives of the 190-odd nations that are members of the World Health Organization — with the exception of the United States, which withdrew from the treaty negotiations in January — managed to forge an agreement on how humanity should prevent and prepare for future pandemics. Negotiations leader Precious Matsoso, a former director-general of South Africa’s health department, describes the gruelling process, and how persistence, humour and a constructive approach paid off.
And several feed humanity’s insatiable thirst for knowledge. In 2025, geoscientist and diver Mengran Du at the Chinese Academy of Sciences’ Institute of Deep-sea Science and Engineering in Sanya and her colleagues reported the deepest ecosystem known to host animals, in an underwater trench northeast of Japan1. This chemosynthetic ecosystem derives its energy from methane and other compounds that seep up from the ocean floor — in contrast to most life, which depends on sunlight and the process of photosynthesis. There is still much about our planet that we don’t understand, but a thriving global enterprise of science can uncover its mysteries.
Reflecting that, seven of this year’s profiles are of individuals outside the United States. Among them is entrepreneur Liang Wenfeng in Hangzhou, China, whose company created the country’s home-grown artificial-intelligence model DeepSeek-R1. The breakneck speed of developments in AI — with all its benefits and risks — was another key story of this year. DeepSeek stunned the world with a model that had capabilities on a par with the best tools designed by more established technology firms, yet made for a fraction of the cost and with unusual openness. In September, the model became the first major AI tool to be scrutinized by peer review, with the results published in this journal2.
Transformative science can transform lives. Entomologist Luciano Moreira established a company in Curitiba, Brazil, that infects Aedes aegypti mosquitoes with a bacterium called Wolbachia, curbing the insects’ ability to transmit human pathogens. Moreira helped to persuade the government to use the approach to combat the mosquito-borne disease dengue, which killed some 6,300 people in Brazilian cities last year.
And, in Israel, systems biologist Yifat Merbl at the Weizmann Institute of Science in Rehovot and her team reported that a piece of cellular machinery — the proteasome, which chops up proteins into smaller peptide fragments — has a role in immunity3. They found that many of these peptides have antimicrobial properties and that cells use them as a first line of defence against bacteria.
Besides being at the cutting edge of their fields, Moreira and Merbl share something else: they both studied in the United States before returning home. Their stories are a reminder of the unique part the country has played in recent decades in supporting science around the world, as it has nurtured its own research — a win–win for the nation and the world. That network now seems at risk as an immigration crackdown makes it more difficult, more expensive and less attractive for researchers globally to study and work not just in the United States, but in other countries, such as the United Kingdom, Australia and Canada, too.
The individuals who feature in Nature’s 10, and their breakthroughs, showcase the ongoing strength of science globally: its ability to transcend national borders and nurture collaboration, and its power to save and improve lives, satisfy curiosity and spark innovation. They also serve as a reminder of what is lost when governments cease to follow the evidence, stop funding excellent science and fail to nurture the international collaborative spirit that creates the breakthroughs that make the world a better place for all.
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How my institution strengthened research despite chronic underfunding


 Nurturing research talent at community-rooted universities and colleges is a necessity, not a luxury. 
 By 
 Anil Shanker




In September, the US government announced a one-off US$495-million funding boost for historically Black colleges and universities (HBCUs) and tribal colleges and universities (TCUs). This is welcome news — but doesn’t redress their chronic underfunding.
In the United States, HBCUs educate 1.5% of all university students — yet receive only 0.9% of federal research and development (R&D) funding. Data reported in 2024 show combined HBCU endowment assets around $100,000 per student. By contrast, the ten wealthiest US universities received $2 million to $7 million per student in 2023.
As a scientist and administrator at Meharry Medical College — a 150-year-old private historically Black health-sciences institution in Nashville, Tennessee, with some 1,500 students — I’ve seen how hard it can be to manage on scant budgets. I urge the government to redress funding levels. In the meantime, HBCUs and TCUs can target their investments, as Meharry has done with some success.
Over the past decade, Meharry has increased its funds for research, and its scholarly output, by using metrics to guide budgeting and investments. We tracked publications and citations, grants, awards, student engagement, graduation and career placement rates, facility use, data generation and sharing (how many samples were processed, what data sets were produced and how were shared), research collaborations and investigator diversity. We also expanded our number of sponsors and monitored how funds were used.
Between the periods of 2010–15 and 2020–25, the number of cross-disciplinary collaborations increased, both between groups at Meharry and with external investigators. The number of papers with Meharry authors indexed in the PubMed database of biomedical literature rose from 444 to 1,067.
Three measures underpin this growth. First, we established transdisciplinary pilot grants of $50,000–$75,000 per faculty member lasting for 12–18 months — funded by federal research endowments or private foundations — to seed ideas and support core staff and infrastructure. While maintaining budgets for ongoing cancer, HIV and oral-health studies, we prioritized new projects in genomics, inflammation, immunity and cardiometabolic health. We also launched two new schools: one in applied computational sciences, in 2021; and one in global health, in 2023.
Second, we invested in infrastructure to handle, store and analyse data securely. We established procedures — including some around human consent and data sovereignty — that meet both federal and Tribal Nations’ standards. Studies that involve human participants must be co-designed with community members to ensure that any concerns — for example, about privacy, potential stigma or data misuse — are addressed early on. Steps such as pre-consented sharing of electronic health records or clinical notes can help to accelerate the analysis of disease risk, treatment response and gaps in care, to inform services and policies that benefit local people. This transparent and respectful approach deepens public confidence in science, especially among populations long marginalized in research.
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Australia’s world-first social media ban is a ‘natural experiment’ for scientists
 Researchers will study the effects of the policy on young people’s mental health, social interactions and political engagement. 
 By 
 Rachel Fieldhouse & 
 Mohana Basu





Young people in Australia can no longer use popular social media platforms.Credit: David Gray/AFP via Getty
This week, Australia became the first country to ban children under the age of 16 from using most social-media platforms. Many teenagers in the country are furious, but for social scientists, the policy offers a natural experiment to study the effects of social-media restrictions on young people. 
Technology companies have had a year to come up with ways to stop teenagers in the country using their platforms, including Facebook, X, Reddit, YouTube, Threads and Snapchat. From Wednesday, companies must take reasonable steps to prevent young people from creating or keeping accounts, or risk fines of up to Aus$49.5 million (US$33 million).
Other countries, including France, Denmark and Spain, have introduced social-media restrictions for young people, or announced plans to, but no policy is as far-reaching as Australia’s. Its government says that social media is harming young people’s mental health, causing teenagers to lose sleep because of addictive design features and exposing them to harmful content. But some researchers say the evidence that social media causes harm is mixed. Communicating with peers online is a crucial support system for some young people, particularly those in minority groups and those living in remote areas.
Nature spoke to researchers who will study the effects of the ban.
New avenues of research
For Susan Sawyer, a physician-researcher specializing in adolescent health at the Murdoch Children’s Research Institute in Melbourne, Australia, the start of the social-media ban this week meant entering the next phase of her research. Over the past two months, Sawyer and her colleagues interviewed 177 teenagers aged 13–16 about their social-media use, screen time and mental health before the ban came into effect. She and her colleagues plan to survey the teenagers again in six months, to see whether the ban has affected their use of the platforms or their mental health. The researchers will also survey the participants’ parents about problematic Internet and social-media use by their children.
Another research collaboration between the Kids Research Institute Australia, the University of Western Australia and Edith Cowan University, all in Perth, will examine whether the ban is presenting new parenting challenges and what family conflicts have arisen as a result.
Amanda Third, a researcher at Western Sydney University in Australia who studies how children use technology, says the ban is an opportunity to collect data about the effect of policies that restrict young people’s access to the Internet and social media. She is going to investigate how teenagers engage with technology and the Internet, and how their face-to-face interactions might change following the ban.
But, she says, it might be hard to tell whether any changes are a direct result of the ban or other policies designed to make the Internet safer: for example, later this month, new industry standards will come into effect for tech companies to prevent children being exposed to sexually explicit or violent content on the Internet. The social-media ban could undercut some well-thought-out efforts to keep children on social media and positively impact their experiences online, she says. “The ban is about booting them out.”
Zareh Ghazarian, a political scientist at Monash University in Melbourne who studies the role of social media in young people’s political development, says online platforms can be an important way for teenagers to engage with politics. Teachers can discuss contemporary issues, political debates and policy issues that come up on social media, he says. Now that the ban is in place, he plans to interview teachers to find out how it is affecting students’ political knowledge, and what alternative platforms they are turning to. “Part of education is to be able to engage with issues and ideas that may not be covered in the classroom — and that was the benefit social media was bringing,” he says.
Unintended consequences
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Long-COVID research just got a big funding boost: will it find new treatments?
 The German government has committed half a billion euros to research into long COVID and other post-infection syndromes. 
 By 
 Michael Marshall





Global estimates indicate that 6 in 100 people who get COVID-19 develop a post-COVID-19 condition, also known as long COVID.Credit: Tom Williams/CQ-Roll Call, Inc via Getty
In a major boost to research on long COVID and chronic fatigue syndrome (CFS), also known as myalgic encephalomyelitis (ME), the German government has announced that it will provide €500 million (US$582 million) in research funding to support a National Decade Against Post-Infectious Diseases from 2026 to 2036.
Germany is one of many countries facing an unprecedented health burden owing to long COVID and other post-infection syndromes since the COVID-19 pandemic. Almost one in five people in a German cohort had long COVID in 20221, and around one in seven people in the United States were affected by long COVID by late 20232. This translates to a considerable burden on health care and the economy — the syndrome is estimated to cost the world economy US$1 trillion every year3.
“From many conversations, I know what a great burden these illnesses represent for those affected and their families,” said Dorothee Bär, the German federal minister for research, in a press release announcing the funding. “There are still no simple solutions or therapies for ME/CFS and post-viral autoimmune diseases, and previous scientific studies demonstrate the complexity of the disease mechanisms.”
“This is really major funding,” says Rafael Mikolajczyk, an epidemiologist at Martin Luther University Halle-Wittenberg in Germany. Ziyad Al-Aly, a clinical epidemiologist at Washington University in St. Louis, agrees, saying it’s “a great step in the right direction”. Long COVID has become politicized and “less of a priority for governments around the world”, he adds.
What research is the money expected to support?
The German government aims to fund research into a wide variety of post-infectious diseases, including long COVID and ME/CFS. It also aims to cover a range of topics, including the pathophysiology and immunology of the conditions, diagnostics and biomarkers, mental health and neurology, and long-term consequences on health.
The language is deliberately broad, says Al-Aly, who under the Biden administration co-chaired the committee that created the US National Research Action Plan for Long COVID. “You don’t want to shackle your scientists with a very narrow scope,” he says. He applauds the funding for including all post-infectious conditions, which share many commonalities, and for embracing a variety of disciplines.
Because the German funding is not yet allocated, the next step is for scientists and patients to be brought in, to shape exactly how the money will be spent, says Ulrike Protzer, a virologist at the Technical University of Munich in Germany.
One fundamental challenge for managing conditions like long COVID is to identify the mechanisms operating in each individual affected, says Akiko Iwasaki, an immunologist at Yale School of Medicine in Connecticut. Only then can they be recruited into clinical trials of medications that will treat these root causes. That means linking biomarker studies to clinical trials, says Al-Aly — like giving antivirals mainly to people with persistent viral infections.
Nisreen Alwan, a public-health specialist at the University of Southampton, UK, also wants to see more research characterizing the public-health burden of post-infection conditions. “How do we quantify the burden of acute infections in terms of chronic disease? What are the pathways to prevention? How can we address the risk factors?” She compares viral infections to outdoor air pollution, the impacts of which on cardiovascular health have now been quantified — spurring efforts to cut pollution levels. “That’s where we should be heading for acute viral infections,” she says. 

Long-COVID advocates and researchers in the United States managed to revive some of the research grants cancelled by the administration of President Donald Trump. Credit: Joe Klamar/AFP via Getty
What happened with previous research drives?
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China wants to lead the world on AI regulation — will the plan work?
 Having placed artificial intelligence at the centre of its own economic strategy, China is driving efforts to create an international system to govern the technology’s use. 
 By 
 Elizabeth Gibney





Chinese president Xi Jinping speaking at the 2025 Asia-Pacific Economic Cooperation meeting in Gyeongju, South Korea.Credit: Yonhap via AP/Alamy
Despite risks ranging from exacerbating inequality to causing existential catastrophe, the world has yet to agree on regulations to govern artificial intelligence. Although a patchwork of national and regional regulations exists, for many countries binding rules are still being fleshed out.
In October, at a meeting of the Asia-Pacific Economic Cooperation forum, Chinese President Xi Jinping reiterated his country’s proposal to create a body known as the World Artificial Intelligence Cooperation Organization (WAICO), which would bring nations together as a step towards creating a global governance system for AI.
The proposal is part of a wider drive to be at the helm of efforts to govern AI, in contrast to a US approach that is focused on deregulation. When it comes to transparency and AI policy, “China is the good guy at the moment,” Wendy Hall, a computer scientist at the University of Southampton, UK, told reporters at an event in London in October.
Many hurdles lie in the way to creating a binding intergovernmental agreement on AI, but some advocates say it is possible, comparing the technology to other risky but useful endeavours for which agreements exist, such as nuclear power and aviation. Nature looks at China’s approach, what a global AI governance body might look like and its chance of success.
How does the Chinese AI ecosystem differ from those of other countries?
Encouraged by the government, Chinese firms tend to release models as open weight, meaning that they can be downloaded and built on. And compared with Western nations, China has less of a focus on making machines that could outsmart humans — often referred to as artificial general intelligence — and is instead concentrating on a race to use AI to drive economic growth. This is exemplified by a policy introduced in August called AI+, says Kwan Yee Ng, who leads international AI governance at Concordia AI, a Beijing-based consultancy that focuses on AI safety.
How does China approach AI regulation?
China was among the first nations to introduce AI-specific regulations, beginning in 2022, and has wide-ranging rules on harmful content, privacy and data security, for example. Developers of public-facing AI-powered services must let Chinese regulators test their systems ahead of deployment, says Ng. The result is that models such as those developed by the Hangzhou-based company DeepSeek, which found world fame with its R1 model earlier this year, are among “the most regulated in the world”, says Joanna Bryson, a computer scientist and researcher in AI ethics at the Hertie School in Berlin. Despite this, the authorities often take a soft approach to enforcing that regulation, says Angela Zhang, a law researcher and specialist in AI regulation at the University of Southern California in Los Angeles.
By contrast, the United States has no comprehensive legislation on AI at the federal level, and in January President Donald Trump revoked an executive order aimed at ensuring AI safety. He has positioned his administration as pro-industry, last month suggesting in a social-media post that it would add a clause to a federal bill to prevent states from regulating AI. The European Union approach has been to classify AI systems by risk level, with different rules relating to transparency and oversight at each tier, and obligations that came into force in August, aimed at the most powerful AI systems. The UK government, meanwhile, has shelved plans to introduce comprehensive AI legislation until next year, at the earliest.
What international legislation exists to govern AI?
Very little. The only legally binding international regulation comes from the Council of Europe, an international organization of European member states, separate from the European Union, which established its Framework Convention on AI in May 2024. The treaty commits any signatory country to implementing its broad obligations — such as ensuring that AI activities align with human rights — through their national laws. But there are no sanctions and no supranational enforcement body, says Lucia Velasco, an economist and researcher at the Oxford Martin School’s AI Governance Initiative, who is based in New York.
Companies and nations have also signed various non-binding agreements, such as the UNESCO Recommendation on the Ethics of Artificial Intelligence, the OECD AI Principles and the Bletchley Declaration, an international agreement signed by 28 countries at the UK AI Safety Summit in 2023. Several expert groups have produced documents outlining the risks, one of the most prominent being the International AI Safety Report. The United Nations (UN) is running a ‘dialogue’ process and has created a scientific panel to guide countries’ regulatory efforts.
What has China proposed?
WAICO would be a way for countries to coordinate AI governance rules while “fully respecting the differences in national policies and practices” and championing the global south, Chinese officials have said. China has proposed that the body’s headquarters be in Shanghai, but other details remain uncertain.
WAICO looks unlikely to govern AI directly in any enforceable way (and China has said it backs a UN approach to governing global AI) but it could be a route for countries to gradually coalesce around a framework. 
Xi’s call to create WAICO was at least the fourth such push from a Chinese official in four months, suggesting the idea is important to the government, says Ng. One reason is commercial, says Zhang. “The fact that China is able to set standards helps China’s product diffusion all over the world,” she says.
The move also gives China some diplomatic cachet. “China is trying to be like [an older] brother to the global south, arguing ‘we also need to have our voice in the governance of AI and not be dictated to’,” says Zhang.
What would a global form of governance look like?
We don’t know. AI-safety experts often cite nuclear-power regulation and the creation of the International Atomic Energy Agency as an analogy, says Ng. Standards set by the UN agency are non-binding but are complemented by legally binding treaties it helped to forge, such as the Convention on Nuclear Safety.
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What will be the first AI-designed drug? These disease-fighting antibodies are top contenders
 Just a year after the first AI-designed antibody was made, scientists say clinical trials are on the horizon. 
 By 
 Ewen Callaway





An illustration of antibodies (pink) binding to a flu virus (brown).Credit: Juan Gaertner/Science Photo Library
Biologists achieved a landmark in protein design last year: using artificial intelligence (AI) to draw up entirely new antibody molecules1. Yet the proof-of-principle designs lacked the potency and other key features of commercial antibody drugs that rack up tens of billions in annual sales.
After a year of progress, scientists say they are on the cusp of turning AI-designed antibodies into potential therapies. In recent weeks, numerous teams have reported successfully using proprietary commercial AI tools and open-source models to make antibodies that have properties of antibody drugs.
“These latest efforts are remarkably powerful advances that enable a democratization of antibody engineering,” says Chang Liu, a synthetic biologist at University of California, Irvine.
The latest wave of success with de novo antibody design “will have a big impact on how quickly and how many de novo therapeutics we will see in clinical trials”, adds Timothy Jenkins, a protein engineer at the Technical University of Denmark in Kongens Lyngby.
Precision nanobodies
Therapeutic antibodies are usually made by screening vast numbers of diverse antibodies to find ones that can recognize a certain target. But sometimes, these screens turn up only antibodies that bind weakly to the target or recognize the wrong region on it.
“There isn’t much precision,” says Surge Biswas, chief executive of antibody-design company Nabla Bio in Cambridge, Massachusetts. Instead, scientists hope to specify an antibody’s desired target — the active site of an enzyme implicated in disease, for instance — and have an AI model suggest designs. “The promise of AI-guided design is that you can be atomically precise,” Biswas adds.
Antibodies — immune proteins that recognize foreign molecules, such as those made by pathogens, with exquisite specificity — have been a challenge for AI to design. AI models such as AlphaFold have struggled to predict the shape of flexible loop regions of antibodies, which they use to recognize their targets.
But new tools developed in the past year — including an updated version of AlphaFold — have proved better at modelling these flexible regions, says Gabriele Corso, a machine-learning scientist at the Massachusetts Institute of Technology in Cambridge. Progress in antibody design has followed.
In October, Corso and his colleagues described the BoltzGen model in a preprint2, showing that it can adroitly design ‘nanobodies’ — small, simple antibodies resembling molecules made by sharks and camels — against proteins implicated in cancer, viral and bacterial infections and other diseases. In most cases, the researchers identified antibodies with strong target binding after expressing just 15 of the most-promising designs in cells and testing them in laboratory experiments. However, the molecules were not tested in disease models.
Other teams are making similar progress. For instance, a team at Stanford University in California and the Arc Institute in Palo Alto, California, has also released a model that can design nanobodies with high efficiencies3. And last month, the researchers behind the 2024 breakthrough — led by Nobel-prizewinning biophysicist David Baker at the University of Washington in Seattle — reported in Nature4 marked improvements in their nanobody design efforts, using another open-source tool.
Full-length antibodies
The boldest claims in AI antibody design come from companies working on the challenge. Last month, scientists at Nabla and Chai Discovery in San Francisco, California, said they had made ‘drug-like’ antibodies using AI tools.
Both teams said that, in addition to nanobodies, which are composed of a single chain of amino acids, they had generated full-length antibodies. Baker’s team reported such designs in their report as well4. Lab experiments showed that some of the designer molecules recognized diverse disease targets — including molecules called G-protein coupled receptors (GPCRs), which have challenged conventional antibody design efforts — at potencies similar to those of commercial antibody drugs. They also boasted useful properties that can make or break drug candidates, such as the capacity to be produced at high levels and to recognize only their intended targets5.
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Experimental vaccine prevents deadly allergic reactions in mice
 Technology could offer longer protection against allergies than is possible with existing treatments. 
 By 
 Rachel Fieldhouse





Credit: Sherry Yates Young/Science Photo Library
An experimental vaccine protects genetically modified mice against severe allergic reactions for up to a year, according to research1 published today in Science Translational Medicine. Scientists say the findings show that vaccination is a promising approach for preventing allergic reactions.
The vaccine targets an antibody called immunoglobulin E (IgE), which is bound to immune cells in the body’s tissues and circulates in small amounts in the blood. Immune cells also produce IgE in response to proteins found on potential threats, including viruses, toxic substances and parasites such as worms and blood flukes (Schistosoma haematobium). The antibody tells the body to release histamine, which triggers symptoms such as coughing, wheezing and hives. It can also trigger a potentially fatal reaction called anaphylaxis, a widespread reaction across the body that can cause swelling of the tongue or throat, shock and difficulty breathing. In people with allergies, IgE is produced in response to proteins that do not usually cause harm, such as those found in peanuts, cat dander and other allergens.
The vaccine triggers the production of antibodies that bind to IgE and stop it from binding to immune-cell receptors. That leaves less IgE available for generating an immune response after exposure to an allergen.
The findings are an “exciting proof of concept” that a vaccine can trigger the production of antibodies against IgE, says Mimi Tang, an allergy and immunology researcher at the Murdoch Children’s Research Institute in Melbourne, Australia.
The vaccine works in a similar way to the injectable therapy omalizumab, the first monoclonal antibody approved to treat food allergies. But it could offer longer-lasting protection than omalizumab, which requires injections every two weeks to maintain its effect, says Tang. The vaccine is a promising scientific concept, but it’s still at a very early stage, she adds.
DIY antibodies
When the research team tested the vaccine in mice genetically modified to be prone to severe allergic reactions, eight of nine unvaccinated control mice died within 30 minutes of exposure to an allergen. Vaccinated mice, by contrast, showed only mild signs of an allergic reaction, and none died. They also maintained high levels of antibodies against IgE up to 52 weeks after immunization.
Attempts to create an anti-allergy vaccine in the 1990s were unsuccessful, says co-author Laurent Reber, who studies allergic diseases at the Toulouse Institute for Infectious and Inflammatory Diseases (Infinity) in France. But Reber and his colleagues were able to test their vaccine in mice modified to express the human IgE receptor, a technology that was not available 30 years ago.
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The best science images of 2025 — Nature’s picks
The Sun’s fiery surface, a tattooed tardigrade, rare red lightning and more.
By Emma Stoye & Fred Schwaller
15 December 2025
     
Walking on sunshine. A skydiver takes a leap of faith, perfectly silhouetted against the surface of the Sun. The backdrop features dark sunspots, which form where strong magnetic fields block some of the heat that normally rises to the surface. It took astrophotographer Andrew McCarthy and skydiver Gabriel Brown months of planning and meticulous timing to pull off the dramatic shot using a specially designed solar telescope.
Andrew McCarthy/cosmicbackground.io




  
Icy ink. This tardigrade is sporting what is perhaps the world’s tiniest ‘tattoo’. Researchers used an electron beam to etch the dots into a layer of ice coating the animal. The beam transforms the substance into a compound that sticks to the tardigrade’s skin, leaving the design visible when the rest of the ice evaporates. The method’s extremely high precision means it could have applications in biomedical engineering, the scientists who developed the technique say. They are now working on tattooing even smaller organisms, including bacteria, in the same way.
Adapted from Z. Yang et al. Nano Lett. 15, 6168–6175 (2025)
  
  
  
  
Green living. Colonies of Volvox algae float around in a water droplet in this microscopy image taken by chemical engineer Jan Rosenboom. Each Volvox sphere is made up of hundreds to thousands of individual cells working co-operatively — offering a glimpse of what early multicellular life might have looked like. The shot came second place overall in the 2025 Nikon Small World photomicroscopy contest.
Jan Rosenboom/Nikon Small World
Fake kidney. This lab-grown human kidney ‘assembloid’ is a step towards creating artificial kidneys. Tiny filtering units have formed around a central drainage tube, similar to the organization of a real kidney. When transplanted into mice, these structures can filter blood and take up proteins.
Pedro Medina/Li Lab
  
  
Red lightning. Photographers managed to capture rare ‘red sprites’ in the sky above New Zealand in October. The phenomenon is caused by bursts of electrical energy in the atmosphere that shoot upwards, creating unusual, jagged shapes that glow for only a few milliseconds. “It looks like you’re seeing something that is not real, it’s very ethereal,”  says photographer Tom Rae.
Dan Zafra/Capture the Atlas
  
  
Solar-powered slug. The sheep nudibranch Costasiella kuroshimae can feed on algae and sequester the chloroplasts into its own cells, where they capture sunlight and produce energy through photosynthesis. The sea slug gets its name from the sensory organs on either side of its head that look a bit like sheep’s ears. This one was photographed laying its eggs in a spiral pattern by Giancarlo Mazarese and was part of a series of photos honoured in Oceanographic’s Ocean Photographer of the Year award.
Giancarlo Mazarese/Ocean Photographer of the Year 2025




  
Rhino revival. Kenya’s black rhinoceroses (Diceros bicornis) have rebounded from near-extinction thanks to conservation efforts, but protecting them is difficult work. In this photograph — a winner in the 2025 BigPicture wildlife photography competition — a team treats a sick rhino, showing the skill and coordination needed to handle these powerful animals safely — even when the rhino is under sedation.
Ami Vitale/BigPicture Natural World Photography Competition
  
  
Creepy cuddle. This shot of a pair of courting crab spiders, taken by nature photographer Sandip Guha in Siliguri, India, highlights the difference in size between the male and his mate — in some species, the female is more than 60 times larger. The picture was a winner at this year’s London Camera Exchange Photographer of the Year competition.
Sandip Guha
  
  
Forest time machine. Scientists have built a ‘time machine’ in Brazil that pumps carbon dioxide into the forest canopy to simulate future atmospheric conditions. The project aims to investigate how the biome adapts to climate change. It is located near Belém, where the COP30 climate summit took place in November.
Lalo de Almeida/Panos Pictures
  
  
First light. This stunning shot of the Trifid Nebula (top right) and the Lagoon Nebula combines hundreds of images taken by the 3,200-megapixel digital camera — the world’s largest — at the Vera C. Rubin Observatory in Chile that came online in 2025.
NSF–DOE Vera C. Rubin Observatory
  
  
Urban inferno. Los Angeles, California, experienced some of its deadliest and most destructive fires on record in January. The fires ripped through neighbourhoods and reduced thousands of buildings to charred rubble. The city’s high density of buildings and strong winds were among the factors that helped the fires to spread so rapidly, researchers say. ‘Weather whiplash’ — a drastic swing from very wet to very dry conditions — could also have played a part. Similar urban firestorms are likely to become more common in future as Earth warms.
Ethan Swope/Associated Press/Alamy
  
  
Rings of fire. A pair of pleasingly circular clouds is illuminated by lava from the Villarrica volcano in Chile as night falls. The scene was captured by photographer Francisco Negroni, who takes regular trips to the volcano to monitor its activity.
Francisco Negroni
A personal view of the news
In compiling this year’s collection of striking science images, Nature’s media editors each identified a photograph that said something special to them. Here is their take on the past 12 months.
  
  
  
  
  
  
  
  
  
  
Froggy fight. Lizzy Brown (Managing media editor). This winning entry in the 2025 Nikon Comedy Wildlife Awards caught my eye and really made me smile. It shows two male green frogs (Lithobates clamitans) fighting over territory. The picture was captured by Grayson Bell, a talented 13-year-old photographer who gave it the genius title ‘Baptism of the Unwilling Convert’.
Grayson Bell/Nikon Comedy Wildlife Award
Pretty in pink. Jessica Hallett (Media editor). Of the thousands of images I have seen this year, this photograph of a tiny juvenile candy crab (Hoplophrys oatesii) perched on her vibrant pink coral mattress was one of my absolute favourites. This striking shot, taken by photographer and artist Jade Hoksbergen, was a finalist in the Fine Art category of this year’s Ocean Photographer of the Year competition. To spot such a well-camouflaged, tiny creature is a true testament to Hoksbergen’s sharp eye and creative vision, and the image bought me such joy — a refreshing and welcome break from the many hard-hitting, bleak images that crossed my desk this year.
Jade Hoksbergen/Ocean Photographer of the Year
Astronomy background. Tom Houghton (Senior media editor). I was struck by the unexpected contrast of this image — a lone mushroom pictured in the foreground against the looming presence of three now-decommissioned KAT-7 radio-telescope antennas in South Africa’s MeerKAT National Park. The composition highlights the structures’ similarities and differences, and really speaks to the clever observation of AFP photographer Marco Longari.
Marco Longari/AFP via Getty
One-hand rescue. Agnese Abrusci (Senior media editor). A man guides his scooter down a dusty hill near Patras, Greece, while cradling a sheep— a moment of both urgency and tenderness as wildfires sweep through neighbourhoods on the slopes above Greece’s third-largest city. The photo was taken on a late afternoon in mid-August by AP photographer Thanassis Stavrakis. The frame captures the scene’s intensity and hints at a broader reality: the growing toll of fires across southern Europe, and the quiet heroism of those who refuse to leave animals behind.
Thanassis Stavrakis/AP Photo/Alamy
Hang in there. Amelia Hennighausen (Media editor). As a photo editor, I see various forms of tragedy every day, but this photo was unforgettable. The contrast of the placid face of the sloth and its calm demeanour against the human-made barbed-wire fence it clings to reflects how the natural world is clinging onto life. Globally, many wild habitats are being destroyed. This photo serves as a reminder for everyone to be more creative in how we steward Earth’s resources.
Emmanuel Tardy
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Nature’s 10
Ten people who helped shape science in 2025
8 December 2025
Nature’s 10
Ten people who helped shape science in 2025
8 December 2025
A fired public-health official, a mosquito breeder and a baby with a smile seen around the world. These are just a few of the remarkable people chosen for Nature’s 10.
The Nature’s 10 list recognizes important scientific trends and discoveries over the course of a year and tells the stories of the people involved. It is compiled by Nature’s editors to highlight some of the most influential research and important developments shaping our world. This year’s selection acknowledges scientists peering into the farthest reaches of the Universe and the deepest depths of the ocean, as well as a civil servant who stood up for evidence-based public-health policy amid a vast upheaval in the United States.




  
Susan Monarez: Public-health guardian
This director of the US Centers for Disease Control and Prevention was fired after a month on the job.
Read more




  
Achal Agrawal: Retraction detective
This scientist called out Indian universities’ retraction rates, despite personal costs.
Read more




  
Tony Tyson: Telescope pioneer
This physicist is the visionary behind the brand-new Vera Rubin Observatory.
Read more




  
Precious Matsoso: Pandemic negotiator
The first global pandemic treaty — and the woman who made it happen.
Read more




  
Sarah Tabrizi: Huntington’s hero
This neurologist is leading clinical efforts to treat the devastating brain disease.
Read more




  
Mengran Du: Deep diver
How a Chinese researcher discovered the deepest animal ecosystems on Earth.
Read more




  
Luciano Moreira: Mosquito rancher
This scientist is breeding billions of insects to fight disease in Brazil.
Read more




  
Liang Wenfeng: Tech disruptor
After making his name in investing, a Chinese finance wizard founded DeepSeek.
Read more




  
Yifat Merbl: Peptide detective
This scientist found a new facet of the immune system hiding in cellular trash.
Read more




  
KJ Muldoon: Trailblazing baby
As a six-month-old, KJ Muldoon received the first hyper-personalized CRISPR gene-editing therapy.
Read more
Ones to watch 2026
 
	Reid Wiseman: Mission commander
Artemis II, NASA
The crew members of Artemis II will take a trip around the Moon as they test the Orion spacecraft and pave the way for future missions to the lunar surface.

	Georgina Long: Medical oncologist
Melanoma Institute Australia, University of Sydney
She helped to develop an immune therapy for an aggressive, difficult-to-treat type of brain tumour. It is now going into clinical trials.

	Amadou Sall: Virologist
Pasteur Institute of Dakar, Senegal
The MADIBA (Manufacturing in Africa for Disease Immunization and Building Autonomy) complex, which he helped build, should start pumping out high-quality vaccines for diseases including Ebola and measles.

	Alice Xiang: Global head of AI governance
Sony AI, Seattle, Washington
Xiang has shown that it is possible to train AI models on an image data set that is ethically sourced and reduces biases. Will others follow suit?

	Colette Delawalla: Chief executive and founder
Stand Up for Science, Decatur, Georgia
She has been focusing on building resistance to the US government’s targeting of the nation’s scientific enterprise ahead of the 2026 mid-term elections.



This series is also available as a pdf version.

Animation by Shehryar (Shay) Saharan
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The top US health director who stood up for science — and was fired
 Susan Monarez is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Max Kozlov


  
 Credit: Alyssa Schukar for Nature


When Susan Monarez was sworn in to lead the US Centers for Disease Control and Prevention (CDC), the country’s premier public-health agency, many researchers across the country breathed a sigh of relief.
Trained as a microbiologist and immunologist, Monarez had been a non-partisan government scientist for nearly 20 years. She was an unexpectedly uncontroversial choice by US President Donald Trump, who had previously put forward (but later withdrew the nomination for) Dave Weldon, a physician and vaccine sceptic who worked as a Republican member of Congress from 1995 to 2009.
But in August, less than a month after assuming the role of director, Monarez was out. “I was fired for holding the line on scientific integrity,” she testified at a tense congressional hearing in September. According to her account, she refused orders from US health secretary Robert F. Kennedy Jr to fire leading scientists at the agency and to pre-approve vaccine recommendations without first considering the relevant scientific data.
Kennedy disputes this account, testifying that Monarez had told him that she wasn’t trustworthy, so he ousted her.
Kennedy has made no secret of his contempt for the CDC, calling it perhaps “the most corrupt agency” in the US government. A long-time anti-vaccine advocate, he has attempted to fire about one-quarter of the agency workforce and has replaced all the members of a key panel of scientists that advises the federal government on vaccine policy, introducing several members who have publicly criticized vaccines.
Monarez is one of the highest-profile government scientists to raise concerns about policy changes by the Trump administration that threaten public health. These are part of a broader set of actions that have disrupted the US scientific enterprise. Over the course of the year, US officials have cancelled thousands of grants, fired hundreds of government researchers, blocked funding to universities and proposed unprecedented cuts to research. The administration has said its actions are meant to improve science and innovation and restore the country’s confidence in scientific and public-health bodies.
“Susan has long established herself as someone who puts evidence in service of the country above all,” says Jennifer Nuzzo, an epidemiologist and director of the Pandemic Center at Brown University in Providence, Rhode Island. “Susan did what any self-respecting scientist would do. No self-respecting scientist would agree to just rubber-stamp things without first scrutinizing the scientific evidence.”
The CDC’s top medical officer, Debra Houry, and three other senior CDC scientists resigned in protest of Monarez’s dismissal. The conflict spilled into public view when Monarez, Houry and Kennedy presented their versions of events to US senators at hearings in September on Capitol Hill in Washington DC. Houry testified that Kennedy and his team had not consulted CDC’s scientists on key decisions, including one in May to limit access to COVID-19 vaccines to children and pregnant people.
The US Department of Health and Human Services, which includes the CDC and which Kennedy leads, disputes Houry’s testimony.
Monarez, whose previous government work spanned biosecurity, artificial intelligence and data analysis, had big plans for the agency that were focused largely on streamlining data to offer public-health recommendations tailored to each locality and state, she tells Nature. “I always challenge the status quo because that’s what you do in science,” Monarez says. “You challenge it to try to do better, but you don’t compromise your moral and scientific integrity for expediency.”
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This science sleuth revealed a retraction crisis at Indian universities
 Achal Agrawal is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Miryam Naddaf


  
 Credit: Bhumika Bhatia for Nature


Achal Agrawal had just finished giving a lecture when an enthusiastic undergraduate student approached him with an idea for a research project. Agrawal was delighted, until the student described how he had previously used software to paraphrase published work.
Agrawal explained that doing so was considered plagiarism — a serious violation of research integrity — but the student insisted that it was not, because the work passed the university’s plagiarism checks. “I was shocked,” recalls Agrawal, now a freelance data scientist in Raipur, India.
The interaction, in late 2022, made Agrawal realize how ingrained such misconduct had become — and it cemented his resolve to do something about the issue. He left his university job a month later and has since dedicated his time to raising awareness about research-integrity breaches in India. This unpaid work has placed him at the centre of the nation’s conversation about academic incentives.
This year, Agrawal’s efforts, as well as those of others, contributed to a landmark policy change in how higher-education institutions in India are ranked. In August, the Indian government announced that the National Institutional Ranking Framework (NIRF), which assesses universities yearly and influences their eligibility for some grant schemes, will penalize institutions if a considerable number of papers published by their researchers has been retracted. The move — a first for such a ranking system — aims to combat unethical practices. Some institutions have already had marks deducted from their current scores, and penalties are expected to be more stringent next year. “I was really happy that day,” Agrawal says.
Previous rankings rewarded high publication counts no matter the quality. “He is on a mission to demonstrate that the wrong metrics are being targeted,” says Matt Spick, a biomedical scientist at the University of Surrey in Guildford, UK.
Agrawal earned his PhD in applied mathematics in 2016 at the University of Paris-Saclay in Orsay, France. In 2018, he returned to India, where he worked at various universities. There, he saw how publication targets affected research ethics and education. He recalls his colleagues abandoning their teaching responsibilities to chase publications.
After resigning from his university post in 2022, he launched India Research Watch (IRW), an online group of researchers and students who highlight integrity issues, including plagiarism and other types of publication misconduct. He also began posting analyses of retractions by researchers at Indian institutions on social-networking site LinkedIn, and wrote for the media about the alarming rise in research misconduct in the country.
For months, Agrawal felt like he was shouting into the void. But over time, his commentaries gained attention, and IRW’s LinkedIn account now has more than 77,000 followers. The platform also offers a portal for whistle-blowers to report research-integrity breaches anonymously. Agrawal now receives around ten tips a day.
Last year, Agrawal and his colleagues added a dashboard to visualize countries’ retraction numbers using data from the Retraction Watch Database. India ranked third, after China and the United States. Most of the country’s retractions cited concerns related to research integrity.
Moumita Koley, a research-policy analyst at the Indian Institute of Science in Bengaluru, says that the IRW has stirred up discussions on research integrity among the nation’s academics, and especially in early-career researchers. Koley first learnt about Agrawal’s work on LinkedIn and has since co-authored several publications with him. “It’s quite impressive,” she says, praising Agrawal’s data-driven approach.
In 2024, she and Agrawal showed that private institutions were climbing up India’s NIRF rankings by massively increasing their publication output and citation counts (A. Agrawal and M. Koley Preprint at Zenodo https://doi.org/qbr3; 2024). But these gains in output, they suggest, might be happening without adequate checks by universities of the papers’ quality and integrity.
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The visionary physicist who gave us a new way to view the cosmos
 Tony Tyson is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Davide Castelvecchi


  
 Credit: Rocco Ceselin for Nature


Earlier this year, Tony Tyson got a sneak preview of the first images taken by the brand-new Vera Rubin Observatory in Chile — a project he first dreamt up more than 30 years ago. After he and his team had spent months troubleshooting the telescope’s hardware and control software, thousands of galaxies came into perfect focus. “It’s one thing to know that everything is working, but it’s another thing to see it with your own eyes,” says Tyson. “When I saw that, I said ‘wow’.”
From its perch on Cerro Pachón in the Andes, the Rubin observatory will soon use the largest digital camera in the world to begin making a continuous video of the southern sky. Despite weighing some 350 tonnes, the telescope has a compact design that allows it to move nimbly, capturing a different exposure every 40 seconds. It will map the Universe’s invisible dark matter in 3D, detect millions of pulsating or exploding stars and spot asteroids that could threaten Earth.
Its unprecedented design and the US$810-million cost made the Rubin a huge bet. “It was high-risk, high-reward. We took the risk,” says Tyson, a physicist at the University of California, Davis.
Tyson not only conceived the project, but also pushed it forwards, despite early scepticism. “We wouldn’t have the Rubin Observatory today if he hadn’t had that vision, and also that dogged determination,” says Catherine Heymans, an astrophysicist at the University of Edinburgh, UK, and the Astronomer Royal for Scotland.
Tyson’s interest in science, and building electronic devices, started early. When he was five, a bout of pulmonary disease and rheumatic fever forced him to spend many hours in a steam tent, where he listened to shortwave radio. This experience, he says, kick-started his lifelong interest in getting information out of noisy signals. He also had an early interest in the science of gravity.
Soon after earning a PhD in physics, he joined AT&T Bell Labs in Murray Hill, New Jersey, in 1969. He worked on an early gravitational-wave detector, and then took an interest in charge-coupled device (CCD) sensors — which had just been invented “down the hall”. He realized that the devices’ ability to sense even tiny amounts of light could transform astronomy. He set out to use these sensors to reveal even the faintest, most distant galaxies.
Tyson’s ultimate goal was to image large swathes of the sky, measuring how galaxies’ shapes distorted as their light travelled across a Universe filled with immense lumps of dark matter. He started applying for telescope time to search for the effect in 1973. “I got turned down time after time,” he says.
“A lot of people didn’t think it was possible”, particularly from the ground, says Heymans. But in 2000, Tyson was one of the first researchers to use the technique, called ‘weak gravitational lensing’, to reveal the presence of dark matter (D. M. Wittman et al. Nature
405, 143–148; 2000).
Meanwhile, Tyson continued to use CCDs to build larger and larger digital cameras for telescopes. One that he built in the early 1990s with physicist Gary Bernstein, his postdoc at the time, was installed at a US telescope in Chile and was a key tool in the 1998 discovery of dark energy. While working on that telescope, Tyson got the idea for the Rubin telescope, which he led from the first proposal in 2000 until the main mirror was on its way to completion. He still holds the role of chief scientist, managing the tune-up of the complex apparatus.
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The first global pandemic treaty — and the woman who made it happen
 Precious Matsoso is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Celeste Biever


  
 Credit: Chris de Beer-Procter for Nature


In 2025, it often felt as if the world was tearing itself apart. Then, on 16 April at around 2 a.m. local time in Geneva, Switzerland, came a glimpse of unity. The 190-odd nations belonging to the World Health Organization (WHO) had reached a consensus on the draft text of the first global pandemic treaty. The fruit of more than three years of gruelling negotiations, the document lays out guiding principles for how the world should pull together to prevent, prepare for and respond to the next pandemic. “I’m overwhelmed, overjoyed,” said Precious Matsoso, who co-chaired the WHO group that steered the negotiation, that morning.
A large source of friction during talks was how to make a plan that would be more equitable than the response to the COVID-19 pandemic had been. The open sharing of samples and data on the spread and evolution of the SARS-CoV-2 virus enabled the development of life-saving treatments and vaccines. But those benefits were not shared equally between nations. Low-income countries were forced to wait for life-saving drugs, and high-income nations were accused of hoarding them.
Matsoso, an experienced figure in global health, was well placed to navigate the sometimes fractious negotiations. At several points in her career, she had helped to expand access to HIV medications, including as director-general of South Africa’s health department from 2010 to 2019. Based in Pretoria, she is currently at the Wits Health Consortium of the University of the Witwatersrand and has held various leadership roles at the WHO over the past two decades.
Steering the pandemic-treaty negotiation was punishing, says Roland Driece, a director at the Dutch health ministry in The Hague, who co-chaired the first 2.5 years of talks with Matsoso. “Everybody is unhappy with you because you never do what they want you to do,” he says. “You always try to find a middle ground.”
Matsoso used a variety of tactics to encourage compromise. At times, she had to be firm in the face of acrimonious debate. “I don’t want to hear anybody’s red line here,” she recalls saying. “I think you need to tell me: how are we going to solve this problem?”
But she also brought a warmth and originality to the process that Driece admires. On at least one occasion she sang to delegates: ‘All you need is love’ by the Beatles carried the message of cooperation. “I had to use every trick in the book to get them to get the work done,” she says.
Lawrence Gostin, a legal scholar at Georgetown University in Washington DC who advised the WHO on the treaty, says that her efforts were instrumental. “If it were not for her, we might not have a pandemic agreement.”
The text was formally adopted by national governments in May, but several challenges remain before it can come into force. Details in the contentious section about pathogen access and benefit sharing are still being hashed out by a dedicated working group and are due to be finished in May 2026. Then, for it to be fully binding, 60 countries must ratify the treaty, which could take months or even years.
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‘Giant step forward’ for Huntington’s — the scientist behind the first gene therapy
 Sarah Tabrizi is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Elie Dolgin


  
 Credit: Jessica Hallett/Nature


On a video call in early September, Sarah Tabrizi first saw the data that she and other researchers studying Huntington’s disease had been chasing for decades: compelling evidence that a gene-targeting therapy could slow the relentless progression of the neurodegenerative brain disorder.
Before these results, “I was beginning to get a little bit worried that maybe, by the time people develop symptoms, that it was going to be too late to treat”, says Tabrizi, a neurologist who directs the Huntington’s Disease Centre at University College London. But here was powerful validation that the window for treating the rare, hereditary condition remains open — offering a chance for meaningful, disease-modifying interventions.
“It’s a giant step forward,” says Tabrizi, who was the trial’s lead scientific adviser. “The dial has been shifted.”
The first-in-class gene therapy — called AMT-130 and developed by uniQure, a biotechnology company in Amsterdam — uses a harmless virus to deliver strands of genetic material into affected brain regions. Once there, the therapy switches off production of the faulty mutant huntingtin protein that slowly destroys brain cells.
The clinical data set was small, involving just 12 people who received a high dose of the therapy. And the treatment is invasive, requiring lengthy brain surgery. But the results were striking. On a standard rating scale used to assesses motor and cognitive functions and other measures of daily living, the scores of participants receiving the high dose dropped by just 0.38 points over three years. That’s compared with a reduction of 1.52 points for people in a control group, meaning that the treatment slowed the rate of decline by 75%. That clinical benefit was reinforced by molecular validation: spinal-fluid levels of a protein linked to dying brain cells had gone down in the treatment recipients, the opposite of what typically occurs as the disease progresses.
After digesting the findings, Tabrizi and her close collaborator Ed Wild, a fellow neurologist at University College London, shared what Wild describes as a “massive hug”. But, after that, it was right back to the daily demands of patient care and research. “We’ll celebrate very unreservedly — but briefly,” Wild says. “We’re like an episode of The West Wing: it’s always, ‘What’s next?’”
Next for Tabrizi and Wild are leading roles in evaluating five other huntingtin-lowering therapies in clinical development, along with several others poised to enter human trials soon. Tabrizi is also spearheading laboratory studies into the mechanisms of neurodegeneration — work that could yield many other drug candidates in the future.
“Sarah is amazing,” says Hugh Rickards, a neuropsychiatrist at the University of Birmingham, UK. “She’s the spider in the middle of the web. You name a disease-modifying therapy in HD — she’s got her hand on it somewhere.”
Plus, “she’s one of the nicest people you’ll ever meet”, says Samuel Frank, a neurologist at the Beth Israel Deaconess Medical Center in Boston, Massachusetts, who, like Rickards, has worked with Tabrizi on Huntington’s trials.
Playing a part in nearly every important clinical advance means that she also carries the scars of the field’s most agonizing disappointments. Only four years ago, another promising huntingtin-targeted therapy, tominersen, faltered in late-stage trials. Overall, the drug failed to improve people’s outcomes compared with those of the control group and it came with dangerous side effects at higher doses. As principal investigator of the nearly 800-person study, the unenviable task of explaining the results to participating families fell to Tabrizi. “It was heartbreaking,” she says.
She recalls her message to the distraught community: “Trials are scientific experiments,” she says. “Through failure, as painful as it is, is often how you learn.”
 Enjoying our latest content? 
 Log in or create an account to continue 
 
	Access the most recent journalism from Nature's award-winning team
	Explore the latest features & opinion covering groundbreaking research


 Access through your institution 

or

 Sign in or create an account  


 Continue with Google  


 Continue with ORCiD  

Nature
648, 522 (2025)
doi: https://doi.org/10.1038/d41586-025-03842-7


Reprints and permissions





NEWS FEATURE
08 December 2025

9,000 metres under the sea: this researcher found the deepest animal ecosystems on Earth
 Mengran Du is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Rachel Fieldhouse


  
 Credit: Billy H. C. Kwok for Nature


Looking out of the Fendouzhe submersible, more than nine kilometres below the ocean surface, Mengran Du knew she was seeing something totally new to science. The vessel’s lights illuminated a thriving ecosystem in which ghostly bristleworms swim among fields of blood-red tubeworms.
Du and her colleagues were exploring the hadal zone — the lowermost layer of the ocean, found beyond depths of six kilometres. Here, at the bottom of the Kuril–Kamchatka Trench northeast of Japan, Du and her team discovered the deepest-known ecosystem with animals on the planet during dives in 2024, which they described this year (X. Peng et al. Nature
645, 679–685; 2025). “As a diving scientist, I always have the curiosity to know the unknowns about hadal trenches,” says Du, a geoscientist at the Chinese Academy of Sciences’ Institute of Deep-sea Science and Engineering in Sanya, China. “The best way to know the unknown is to go there and feel it with your heart and experience, and look at the bottom with your bare eyes.”
The ecosystem discovered by the Fendouzhe crew relies on an unusual source of energy. Unlike most life at the surface, which depends on sunlight, this hadal-zone ecosystem derives energy from methane, hydrogen sulfide and other compounds dissolved in fluids that seep up from the ocean floor. Chemosynthetic microbes use these energy-rich molecules to convert inorganic carbon into carbohydrates that then support the rest of the ecosystem. Du was the first to observe several species of gastropods, tubeworms, clams and other creatures in these ‘cold seeps’, several of which are likely to be new to science, she says.
“Mengran has made a great contribution to these expeditions,” says Xiaotong Peng, deputy director of the Institute of Deep-sea Science and Engineering, who was also in the submersible. He says Du’s experience in coastal research allowed her to identify species found in chemosynthetic communities while they were still on the sea floor, an important skill for determining the significance of findings. “She has a great passion for deep-sea science, and that is one of the reasons why we can find such amazing phenomena at the sea floor,” he adds.
The discovery prompted the team to change its plans during the 2024 expedition, says Peng. The researchers took the Fendouzhe submersible to search for chemosynthetic ecosystems at more sites, including in the nearby Aleutian Trench.
Du, who was the chief scientific officer for the expedition, and her colleagues completed 24 dives in the submersible, which last an average of around 6 hours. Built out of titanium to withstand crushing pressures of 98 megapascals — about 1,000 times the air pressure at sea level — the submersible has an area for the crew that is just 1.8 metres and holds three people.
This year, Du, Peng and their colleagues conducted expeditions to another trench in the southern Pacific Ocean, where they found ecosystems that are similar to those they found in the northern part of the ocean last year. This offers strong evidence that there is a global corridor of chemosynthetic ecosystems across Earth’s oceans, say the researchers.
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This scientist is breeding billions of mosquitoes to fight disease in Brazil
 Luciano Moreira is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Mariana Lenharo
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Inside a massive factory in the industrial district of Curitiba, Brazil, millions of Aedes aegypti mosquitoes are breeding in a climate-controlled room filled with mesh cages. Every week, the facility produces more than 80 million mosquito eggs.
At the heart of this effort is Luciano Moreira, a soft-spoken agricultural engineer and entomologist, who opened the factory in July as part of an effort to fight mosquito-borne illnesses in the country.
At the Curitiba facility, mosquitoes are infected with a bacterium called Wolbachia, which curbs the transmission of harmful human pathogens. Their offspring are being released in Brazilian cities to help to control dengue, a deadly viral disease transmitted mainly by A. aegypti.
Until recently, Wolbachia-carrying mosquitoes were released only as part of small-scale research projects. The new factory marks a shift towards nationwide adoption of the method after Brazil’s federal government recognized it as an official public-health measure to combat dengue and other mosquito-borne diseases. People credit Moreira for making the case.
“He has succeeded not only in carrying out the academic work, running experiments to demonstrate the model’s effectiveness, but also in convincing political decision-makers to implement the technology,” says Pedro Lagerblad de Oliveira, a molecular entomologist at Brazil’s Federal University of Rio de Janeiro. “This is a skill that not all scientists have.”
Moreira’s interest in mosquitoes started in the late 1990s, when he was a postdoctoral fellow in the laboratory of molecular entomologist Marcelo Jacobs-Lorena, then at Case Western Reserve University in Cleveland, Ohio. There, Moreira contributed to the development of the first mosquito genetically engineered to block malaria transmission.
Several years later, he joined the lab of entomologist Scott O’Neill at Monash University in Melbourne, Australia, as a visiting scholar. O’Neill’s team had managed to infect A. aegypti with Wolbachia, a relatively harmless bacterium that infects reproductive cells in many arthropod species. Moreira set out to test whether Wolbachia affected the insects’ ability to transmit human pathogens.
It did. Wolbachia-carrying mosquitoes were less likely to pick up dengue from blood containing the virus than were uninfected ones (L. A. Moreira et al. Cell
139, 1268–1278; 2009). Scientists don’t yet understand the mechanism, but the bacterium might be competing with the virus for resources or it could be stimulating the production of antiviral proteins. The researchers found that it had the same protective effect against other viruses as well.
O’Neill started field testing the mosquitoes in Australia, and Moreira returned to Brazil for a research position at the Oswaldo Cruz Foundation (Fiocruz) in Belo Horizonte, a scientific institute affiliated with the country’s health ministry. He assembled a small team to start tests in Brazil.
“Mosquitoes were first produced in a kind of artisanal way in a tiny, heated room, using pipettes and manual processes,” Moreira says. But convincing public-health authorities to release millions of mosquitoes into their cities was a tough sell.
“This is never going to work,” Moreira recalls one health official in Niterói saying. But after he explained that the strategy had already curbed dengue in other locations, the official came around. And their decision paid off. Dengue incidence in Niterói has dropped by 89% since the mosquitoes were introduced.
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The Chinese finance whizz whose DeepSeek AI model stunned the world
 Liang Wenfeng is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Elizabeth Gibney
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In January this year, an announcement from China rocked the world of artificial intelligence. The firm DeepSeek released its powerful but cheap R1 model out of the blue — instantly demonstrating that the United States was not as far ahead in AI as many experts had thought.
Behind the bombshell announcement is Liang Wenfeng, a 40-year-old former financial analyst who is thought to have made millions of dollars applying AI algorithms to the stock market before using the cash in 2023 to establish DeepSeek, based in Hangzhou. Liang avoids the limelight and has given only a handful of interviews to the Chinese press (he declined a request to speak to Nature).
Liang’s models are as open as he is secretive. R1 is a ‘reasoning’ large language model (LLM) that excels at solving complex tasks — such as in mathematics and coding — by breaking them down into steps. It was the first of its kind to be released as open weight, meaning that the model can be downloaded and built on for free, so has been a boon for researchers who want to adapt algorithms to their own field. DeepSeek’s success seems to have prompted other companies in China and the United States to follow suit by releasing their own open models.
Despite R1 having many capabilities that are on a par with the best US models, including those powering ChatGPT, its training costs were much less than those of rival companies, say AI experts. Training costs for Meta’s Llama 3 405B model, for example, were more than ten times greater. DeepSeek’s bid for transparency extended to publishing the details of how it built and trained R1 when, in September, the model became the first major LLM to undergo the scrutiny of peer review (D. Guo et al. Nature
645, 633–638; 2025). By releasing its recipe, DeepSeek taught other AI researchers how to train a reasoning model.
In many ways, “DeepSeek has been hugely influential”, says Adina Yakefu, a researcher at the community AI platform Hugging Face, which is based in New York City.
The heights of AI are a far cry from the village in Guangdong province where Liang was raised as the child of two primary-school teachers. Higher education took him to the prestigious Zhejiang University in Hangzhou, where he graduated with a master’s in engineering in 2010; his thesis involved crafting algorithms to track objects in videos. He soon applied his love of AI to financial markets and, in 2015, co-founded the hedge fund High-Flyer, spinning off DeepSeek in 2023.
At that time, China faced a hurdle in developing LLMs. US export controls prevented Chinese firms from buying certain powerful computer chips known as graphics processing units (GPUs) made by the US chip manufacturer NVIDIA, which are suitable for training LLMs. But Liang was already well provisioned. He had spent the previous decade purchasing 10,000 NVIDIA GPUs, fuelled by curiosity about what research could be done on them. In a 2023 interview with Chinese media company 36Kr, he likened their purchase to someone buying a piano for their home: “One can afford it, and there’s a group eager to play music on it.”
Like many Western AI entrepreneurs, Liang has set his sights on achieving artificial general intelligence — AI systems as adept as humans in cognitive tasks — and he has shaped his company around this, says Benjamin Liu, a former researcher at DeepSeek. The company prioritizes a person’s potential over their level of experience when hiring (one author on the DeepSeek R1 paper is still in secondary school) and it operates with little hierarchy, with researchers deciding what to work on themselves. Liang is said to be closely involved in research, and “even interns like myself were treated as full-time employees with meaningful responsibilities”, says Liu.
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This scientist found a new trick of the immune system by digging through cellular rubbish
 Yifat Merbl is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Cassandra Willyard
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Detectives often find important clues by digging through rubbish. That approach paid off tremendously for systems biologist Yifat Merbl. When she and her team investigated cellular recycling centres known as proteasomes, they uncovered an entirely new part of the immune system.
“Up ’till now, we couldn’t detect it,” Merbl says, “because we didn’t look at the garbage cans of cells.”
From her office at the Weizmann Institute of Science in Rehovot, Israel, she holds up a blue plastic model of a proteasome, a barrel-shaped structure with a hollow core. The function seems simple: proteins enter the chamber, where they are shredded and then exit as smaller peptide fragments. But the machinery is surprisingly elaborate. The core comprises more than two dozen protein subunits and can associate with a variety of regulatory caps. If the goal is to slice and dice proteins, Merbl wondered, why the need for such complexity?
Merbl and her team used mass spectrometry to identify the peptides created by proteasomes in a variety of cells. They then compared the sequences of these peptides to those with known functions, using public databases. Many, they found, matched ones known to obliterate bacteria, such as by piercing their membranes. The team identified other fragments — about 1,000 in total — with sequences that, according to an algorithm, make them likely to be antimicrobial.
There might be more. When Merbl and her colleagues used computer models to chop up all human proteins into all possible peptide fragments, they found that there are more than 270,000 possible antimicrobials. The team had uncovered what seemed to be a new immune defence mechanism.
“This was literally where you have the goosebumps, because you realize that you may have found something fundamental,” Merbl says. Further experiments revealed that when cells are infected with bacteria, the proteasome swaps its regulatory cap for one that favours the production of bacteria-fighting peptides. It’s a first line of defence, Merbl says, one that operates independently of immune-cell activation.
The results were published in March (K. Goldberg et al. Nature 639, 1032–1041; 2025) and they have many people in the field excited, says Ruslan Medzhitov, an immunologist at the Yale School of Medicine in New Haven, Connecticut. “There’s something that we thought is so familiar and so well understood, and then boom — something totally unexpected and exciting comes out of it.” What’s most surprising, he says, is that the peptides come from “regular run-of-the-mill cellular proteins” rather than ones specifically involved in immune defence.
This means that processing by the proteasome vastly increases the number of jobs that a single protein can have, says Cesar de la Fuente, a bioengineer at the University of Pennsylvania in Philadelphia. “It’s a very smart way, evolutionarily, of encoding a lot of functionality in a single gene,” he says.
Such success was not something that Merbl had ever dreamt she would achieve. Her attention-deficit/hyperactivity disorder had made school especially challenging. She loved computer science and biology as a child, but struggled to attend classes and didn’t graduate from high school with her peers. Over the years, however, she has come to accept that the way her brain works is an advantage, not a flaw. It gives her a different perspective.
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The baby whose life was saved by the first personalized CRISPR therapy
 KJ Muldoon is part of Nature’s 10, a list of people who shaped science in 2025. 
 By 
 Heidi Ledford
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To the research team working to save him, KJ Muldoon was first known only as Patient Eta.
But within months, KJ’s name — and megawatt, chubby-cheeked smile — would be splashed across newspapers and broadcasts around the world as the first known person to receive a personalized CRISPR-based genome-editing therapy.
Soon after KJ was born in August 2024, doctors noticed that he was sleeping too much and eating too little. After a bevy of tests, they found that KJ has an ultra-rare genetic condition, called carbamoyl-phosphate synthetase 1 (CPS1) deficiency, that impairs the body’s ability to process protein.
When the body breaks down proteins, it produces ammonia — a toxic substance that is usually processed by enzymes in the liver and excreted in urine. CPS1 deficiency compromises one of these enzymes, causing ammonia to accumulate in the blood, which can eventually damage the brain. The condition can be treated with a liver transplant, but about half of all babies with CPS1 deficiency die in early infancy.
One of KJ’s doctors, paediatrician Rebecca Ahrens-Nicklas at the Children’s Hospital of Philadelphia in Pennsylvania, wondered whether there might be another solution — correcting the faulty enzyme in his liver. She and Kiran Musunuru, a cardiologist at the Perelman School of Medicine at the University of Pennsylvania in Philadelphia, had a bold plan to treat children with rare genetic disorders using gene-editing therapies tailored to unique DNA sequences. KJ could be their first candidate.
Previous gene-editing therapies were designed to treat many people. The first approved CRISPR therapy, called Casgevy, could potentially treat tens of thousands of people with one of two blood disorders. By contrast, KJ’s therapy would work only for him.
The team used an offshoot of CRISPR genome editing, called base editing, to target the problematic mutation — one faulty DNA letter out of the three billion in the human genome — and correct it (K. Musunuru et al. N. Engl. J. Med. 392, 2235–2243; 2025). Such a hyper-personalized editing therapy had never been made so quickly; KJ might only have a few months before ammonia overwhelmed his small body.
In the end, it took a large team of researchers in academia and industry to make it happen. While KJ charmed everyone he met at the hospital, Musunuru and his lab members shielded themselves from learning any personal details about him, even his name. “There were certain go or no-go points where key decisions had to be made,” Musunuru says. “We had to be objective with respect to the data.”
Manufacturing companies worked around the clock to make the gene-editing components needed to treat KJ. “We estimated that it would take 18 months,” says Sandy Ottensmann, a vice-president at Integrated DNA Technologies in Coralville, Iowa. “We did it in six.”
On 25 February, KJ received the first of three infusions. His tolerance for protein in his diet has increased, but he still needs medication and regular monitoring to ensure that his ammonia levels stay in check.
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Grant cuts, arrests, lay-offs: Trump made 2025 a tumultuous year for science
 How the Trump administration caused seismic disruptions to the world’s premier scientific superpower. 
 By 
 Jeff Tollefson
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In just the first weeks of Donald Trump’s second presidency, his administration embarked on making radical changes to US science.
Officials appointed by the new president started firing thousands of researchers and other government employees. At the same time, it cut billions of dollars of US support for global-health programmes, including dismantling the US Agency for International Development (USAID). It arrested some scholars from outside the United States as it stepped up efforts to restrict entry into the country and limit political speech. Over the next few months, the US government took steps to exert unprecedented control over universities by withholding federal research funding. The administration cancelled tens of billions of dollars in research grants to universities to force the adoption of policies on hiring and admissions, policing of campuses, curricula and other factors.
The administration has justified its actions by saying that they were necessary to improve science and innovation. “The Trump administration is committed to cutting taxpayer funding of left-wing pet projects that are masquerading as ‘scientific research’ and restoring the American people’s confidence in our scientific and public-health bodies that was lost during the COVID era,” White House spokesperson Kush Desai said in a statement to Nature.
But critics of the administration see these actions as part of a broader plan to bend science for political purposes. “The attack on science must be seen as one component of a larger attack on information, on facts, on independent analysis,” says John Holdren, a physicist at Harvard University in Cambridge, Massachusetts, who worked as the science adviser to former US president Barack Obama. “I think Trump sees science as the fortress of the opposition.”
During Trump’s previous term in office, he encountered resistance from people in his own administration as well as from members of his own party in Congress, which rejected his calls to slash funding for science agencies. This time, that kind of opposition has been more limited, even as his administration ignored spending laws enacted by Congress, which holds the power to decide government funding.
But some people and institutions have fought the government over such changes. Harvard University sued the Trump administration after it cancelled billions of dollars in grants amid claims that Harvard had failed to combat campus antisemitism. Several lawsuits have been filed challenging both the administration’s firing of employees and its cancellation of grants. Climate scientists pushed back against the administration’s efforts to deny the threat of global warming. And six former surgeons general who served during both Republican and Democrat administrations published an article in The Washington Post criticizing Trump’s health secretary, Robert F. Kennedy Jr. They wrote that he was “endangering the health of the nation” by amplifying misinformation and undermining public confidence in medicine and the very public-health agency that he oversees — the Department of Health and Human Services (HHS), which includes the National Institutes of Health (NIH), the world’s largest biomedical funder.
“The consequences aren’t abstract,” the surgeons general wrote. “They are measured in lives lost, disease outbreaks and an erosion of public trust that will take years to rebuild.”
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In praise of inefficiency, failure and friendship: ten galvanizing reads for this festive season
 In a world that can seem lacking in optimism, researchers share their opinions on books that stimulate thoughts — and actions — for a better future. 
 By 
 Kelly-Ann Allen, 
 Tara McAllister, 
 Yamini Aiyar, 
 Sirry Alang, 
 Misa Shimuta, 
 Elma Kay, 
 Mohamed Ibrahim, 
 Mariana Viglino, 
 Séverine Toussaert & 
…
 Nick Lane
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Why Brains Need Friends
Ben Rein
Bridge Street (2024)
Have you ever chosen between answering a friend’s phone call and finishing some work? This relatable scenario opens Why Brains Need Friends by neuroscientist Ben Rein. Social connection feels good and there is clear evidence that it lowers risks of dementia, cognitive decline, heart failure, diabetes, depression and stroke. Yet, few people prioritize it in the way they do exercise, sleep and nutrition.
Rein notes that various factors, including political polarization, remote work and online habits, are dividing people. And an accumulation of small decisions, such as choosing self-checkouts over small but real social contact in shops, could lead to increased risks of social isolation in older people.
It’s true that socializing can feel awkward. Some brains want more interaction than others; some encounters are more pleasant than others. Rein recommends recognizing, and meeting, your own social needs — like a ‘social diet’.
The good news is that other people like us more than we think they do, studies have shown. We can underestimate how interested others will be in us and how much a brief chat can lift our mood.
Rein encourages readers to not worry about people’s approval. And to think about what each declined invitation might cost both parties over time. So, when a friend calls, maybe answer? — Kelly-Ann Allen

Slowing the Sun
Nadine Hura
Bridget Williams (2025)
In Slowing the Sun, writer and poet Nadine Hura (of Ngāti Hine, Ngāpuhi and Pākehā descent) brings us a refreshing perspective on climate change. Western knowledge tends to struggle to reach communities outside academia; she offers Indigenous storytelling as a solution. Through her collection of essays, interspersed with powerful poetry, we meet climate activists, politicians and Indigenous leaders — and learn about her experiences of grief.
Recounting her father’s role in flattening mountains in Auckland, New Zealand, Hura highlights the juxtaposition of Indigenous people’s involvement in extractive industries, and reminds us how the poorest people bear the brunt of climate change in a system that they have no control over.
Hura reveals the gulf between how Western scientists discuss climate change, focusing on risks and vulnerabilities, and the determination of Indigenous communities to act — despite their lack of resources and power.
It’s easy to be overwhelmed by the climate crisis and disengage from it. But Hura reminds readers that “anything you do to benefit the land benefits you, often immediately. The environment is the healer, not the other way around”. I have never read a book like this before — deeply personal, yet relevant to everyone. Even the most seasoned climate scientist will learn a lot. — Tara McAllister

Thinking Like an Economist
Elizabeth Popp Berman
Princeton Univ. Press (2022)
It can seem hard to disagree with the maxim of efficiency. But observing the actions of the US Department of Government Efficiency (DOGE) earlier this year — including the cuts it made to research — raised an important question. Is efficiency everything? A government is not a private company; organizing it around efficiency can detract from what it should be. Worryingly so.
Sociologist Elizabeth Popp Berman’s book, Thinking Like an Economist, helped me to make sense of what can be lost in favour of efficiency. Berman shows how, since the 1960s, US governments have strived for efficiency, sometimes over considerations of equity and democracy. The US Clean Air Act, for instance, was framed initially around asserting the public value of clean air by stigmatizing polluters and pushing industry to innovate. But over time, pollution became something to be priced, shifting efforts away from negotiating acceptable levels of pollution and towards markets.
This book is essential reading for those who want to understand how a focus on efficiency can help to centralize power and authority. Policies affect societal concerns that cannot be monetized. They are shaped through political bargains, by treading the line between redistribution and growth, environmental protection and business interests — and require messy democratic negotiation not algorithms. Such bargaining might not always deliver ‘value for money’ — but it remains essential for preserving freedoms. — Yamini Aiyar

These Letters End in Tears
Musih Tedji Xaviere
Catapult (2024)
In These Letters End in Tears, novelist Musih Tedji Xaviere tells a story about two young women in love in Cameroon — a love that provides refuge, self-acceptance and joy in a country where being gay is punishable by law. But the society fights back violently and devastatingly, through both individuals and institutions. The two women are incarcerated, for example. When my teary eyes left the last line of the final chapter, I became laser-focused on how to dismantle systems with beliefs, norms and laws that criminalize some experiences and existences.
As a medical sociologist, a central aspect of my work is to help people and institutions to understand how our societies can cause harm to some of us while allowing others to thrive. I identify how to eliminate oppression and promote well-being for all. For me, as a Cameroonian lesbian living in the United States, this book blurs the lines, in positive ways, between reality and fiction and between my professional responsibilities and my life’s purpose.
Readers will question the very core of education, media, religion, gender, family life, class, language, politics and law — in Cameroon and beyond. Tragedy is an explicit focus of this poignant book, but Xaviere’s award-winning fiction also suggests actions of resistance that everyone can take against the erasure that is perpetuated in many societies, to varying extent: defiance, community-building, storytelling and being present. — Sirry Alang

The Reason I Jump
Naoki Higashida
Sceptre (2013)
As a neuroscientist studying sensory input and behaviour, I seek to understand how brains construct perception and action. The Reason I Jump remains the most illuminating and hopeful book I have read. First published in 2007, its relevance has only increased as diagnoses of and research on autism spectrum disorder have expanded. Yet, the rich forms of communication, social connection and empathy that Naoki Higashida describes remain overlooked.
Higashida, who mainly communicates non-verbally, wrote this candid book using a Japanese hiragana alphabet grid when he was just 13 years old. Unlike most autobiographies written by adults, the book offers an unfiltered account of how his mind perceives, feels and attempts to act, before such experiences can be ‘sorted’ cognitively.
Autism is often portrayed as a condition of deficits: impaired communication, reduced empathy and inflexible behaviour. Higashida’s reflections challenge this idea with clarity and force. He describes his intense sensory world, the effort required to initiate even simple actions and the confusion that his own body can cause him.
For me, this book is galvanizing. In an era when discussions about autism often focus on pathology and clinical prediction rather than lived experience, it reminds me that communication extends far beyond speech — and that it can take forms that we have yet to fully understand. — Misa Shimuta

Intertwined
Rebecca Kormos
New Press (2024)
As part of her work documenting the relationship between people and chimpanzees (Pan troglodytes), wildlife biologist and conservationist Rebecca Kormos interviewed women — and wondered why she hadn’t previously sought their voices. The honesty and sincerity of this question, which kicks off her book about women involved in conservation and environmental activism, made me keep reading.
Intertwined showcases a vast sisterhood from which we can draw wisdom, courage and hope. For example, fisheries and wildlife biologist Midori Nicolson from Gwayi, Kingcome Inlet, a small village in Canada, reflects on the origin story of her people, the Dzawada’enuxw First Nation, whose history and cultural practices were altered by patriarchy and colonization. Reflecting on my own Yucatec Maya heritage, this prompted me to question which of our ancestral Indigenous stories have also been neglected. The resilience and strength of Zimbabwe’s Akashinga Rangers, all of whom are women, was so inspirational that I hope it will help to guide the transformation of the ranger team of the Belize Maya Forest Trust, which I lead.
Intertwined examines the role of everyone — not just women — in solving the planetary polycrisis. The scientific data and collective wisdom of the stories in the book show that good outcomes for gender equality and women’s rights will benefit all of humanity and nature. — Elma Kay

The Coming Wave
Mustafa Suleyman & Michael Bhaskar
Crown (2023)
Technologies such as artificial intelligence and synthetic biology are developing at a pace that outstrips that of the institutions designed to govern them. In The Coming Wave, Mustafa Suleyman, chief executive of Microsoft AI, explores this “containment problem” with writer Michael Bhaskar: keeping control over systems that evolve faster than the associated political, social and ethical frameworks.
Rather than immersing readers in technical minutiae, the book captures the tension between technology’s extraordinary potential and the responsibility that comes with shaping its impacts. Suleyman’s analysis shows that the coming decades will be defined not just by the deployment of innovative technologies, but also by how they are used (governance and collective judgement).
The Coming Wave balances urgency and optimism well. Suleyman is clear about the risks of disruption by technologies that cannot be paused or reversed. Yet, he frames these challenges as an invitation to act.
As a researcher at the intersection of AI and spatial intelligence, I was struck by the book’s foresight. It offers younger generations the chance to become architects rather than victims of technological change and to shape systems that are resilient, equitable and aligned with human values. It is a call to ethical engagement with powerful technologies. — Mohamed Ibrahim

Naturalistas
Laura de Cabo et al.
El Ateneo (2024)
Inspiration can be close by — if you know where to look. Women in the research team of Museo Argentino de Ciencias Naturales “Bernardino Rivadavia” in Buenos Aires explored the work and lives of 16 of their predecessors: women who worked at the museum as illustrators and scientists, including botanists, arachnologists and marine biologists, over the past century. Despite contributing to their fields and the museum, these pioneers have long been overlooked.
This beautifully illustrated book, written in Spanish, conveys the thorough detective work its authors did. They combed through documents, newspapers and official records and contacted the researchers’ relatives. The stories were harder to piece together than they should have been.
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AI is transforming the economy — understanding its impact requires both data and imagination
 Controlled studies capture only a fraction of the effects of artificial intelligence. Economists should work with social scientists to find innovative ways to fully grasp this fast-moving field. 
 By 
 Daniel Björkegren
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How will artificial intelligence reshape the global economy? Some economists predict only a small boost — around a 0.9% increase in gross domestic product over the next ten years1. Others foresee a revolution that might add between US$17 trillion and $26 trillion to annual global economic output and automate up to half of today’s jobs by 20452. But even before the full impacts materialize, beliefs about our AI future affect the economy today — steering young people’s career choices, guiding government policy and driving vast investment flows into semiconductors and other components of data centres.
Given the high stakes, many researchers and policymakers are increasingly attempting to precisely quantify the causal impact of AI through natural experiments and randomized controlled trials. In such studies, one group gains access to an AI tool while another continues under normal conditions; other factors are held fixed. Researchers can then analyse outcomes such as productivity, satisfaction and learning.
Yet, when applied to AI, this type of evidence faces two challenges. First, by the time they are published, causal estimates of AI’s effects can be outdated. For instance, one study found that call-centre workers handled queries 15% faster when using 2020 AI tools3. Another showed that software developers with access to coding assistants in 2022–23 completed 26% more tasks than did those without such tools4. But AI capabilities are advancing at an astounding pace. For example, since ChatGPT’s release in 2022, AI tools can now correctly handle three times as many simulated customer-support chats on their own as they could before5. The better, cheaper AI of tomorrow will produce different economic effects.
Second, carefully controlled studies do not capture the wider ripple effects that accompany AI adoption. For example, the studies involving call-centre workers3 and software developers4 found that when organizational structure remained fixed, the less-experienced workers benefited most from AI assistance. But in the real world, managers might respond by reorganizing work or even replacing some of the less-experienced workers with AI systems. If they do, the effect on those individuals could be the opposite of that estimated in controlled studies. Indeed, payroll data suggest that employment of younger workers has declined since 2022, particularly in occupations that include tasks that AI excels at, such as customer service and software development6. However, researchers are still trying to understand how much of the pattern is attributable to AI technology.
Carefully controlled studies are like flashing a bright, narrow spotlight: they are only part of the illumination needed to understand how society is adapting to AI. With so much still unknown about its broader economic and social effects, popular debate often slips into speculative, science-fiction narratives of a world dominated by machine intelligence.
Social science could help to navigate these uncertainties, but it would require both imagination and grounding. Here, I describe three complementary approaches that can guide researchers working in this rapidly evolving field.
Social science fiction
One approach is to create what economist Jean Tirole calls social science fiction7 — speculation about the future that remains rooted in fundamental economic principles and behavioural theories. Rather than relying on imagination alone, this kind of analysis uses models to explore how technologies might interact with market forces.
For example, in 2019, researchers modelled how self-driving cars might reshape cities and found that the vehicles could make traffic worse8. Because passengers in self-driving cars can relax, read or watch videos, the personal cost of time spent in traffic falls. But as more people choose to travel by car, they impose greater congestion on others. Whether that leads to inefficiency will depend on whether governments implement policies such as congestion pricing to correct the ‘externality’.
Another illustration of imaginative, yet grounded, social science comes from research on how market forces might limit AI’s disruptive potential. Studies9,10 suggest that, as automation boosts productivity in some tasks, other activities that cannot easily be automated — such as creative direction or vetting final outputs — will grow in relative value. That might raise demand for labour, and therefore wages, in such jobs. These opportunities could cushion some of the disruptive effects of automation. But it might also deepen inequalities between people who thrive in these roles and those who do not.
More thought experiments like these can help policymakers to imagine how the economy might shift in a more disciplined manner. Such experiments can identify which indicators to monitor and provide a head start on planning the policies that might be needed. Other open problems include understanding the incentives to create knowledge for AI systems, and how innovation and economic growth might be affected if AI labs remain competitive with each other, or if one pulls ahead as a clear market leader.
Forward-looking data
As well as theory, policymakers will also need evidence to understand how the economy will change. Different types of information need to combine to form a more complete picture.
One common approach to assessing AI capabilities is benchmarking — testing the systems on standardized tasks, much as exams do. Benchmarks can assess an AI system’s ability to solve mathematics problems, respond to customer-support requests or diagnose medical conditions. However, benchmark scores often diverge from performance in real-world settings, where tasks are noisier, more complex and context-dependent. For example, a medical AI system might perform well on textbook-style clinical questions, but could misinterpret communications from patients if they omit key details. More research is needed to design benchmarks that better capture real-world performance.
If AI is anywhere near as transformative as many expect, its effects will show up in numerous indicators that can be monitored in real time, such as tracking which tasks people use AI for. These usage data show, for instance, that AI chatbots are often used for software development, suggesting that this sector might feel the earliest effects of AI adoption11,12. Other indicators include employment, job openings and whether firms that integrate AI earn higher profits and expand. However, there will be questions that such descriptive indicators alone cannot answer. For that reason, researchers might still attempt to measure the causal impact of AI: that is, whether AI causes improvements, rather than merely being adopted by high performers who also happen to be more willing to try new technologies.
Estimating AI’s causal effects is difficult because the technology is evolving and organizations are adapting. But this challenge is not unique to AI. Similar issues arise when evaluating how any pilot programme — whether in business, education or public health — will perform once it is expanded. When scaled up, programmes often encounter fresh constraints or trigger wider economic fallouts. Economists have developed methods to anticipate these scaling effects when designing experiments, such as replicating the conditions of the eventual implementer — for example, a government agency — rather than those of the more agile, well-resourced organizations that typically run pilots13–15. Researchers studying AI can similarly attempt to anticipate future changes when designing experiments.
One important parameter is the cost of running AI models, which has been falling. Researchers can model how cost declines might affect the viability of different applications. For example, one study16 examined AI usage by teachers in Sierra Leone who pay for Internet access by the megabyte. In early 2022, querying an AI chatbot was 12 times more expensive than loading a standard web page; by 2025, thanks to falling compute costs and the bandwidth efficiency of AI, using the technology had become 98% cheaper than accessing a web page. This cost advantage suggests that AI might expand access to information in low-resource settings where the Internet is expensive.
The capabilities of AI are another crucial determinant of its impact. It is hard to predict how these will evolve, but researchers can try to anticipate how humans might respond to more-powerful systems. Even as technology advances, human behaviour tends to follow stable patterns — in terms of how people develop trust, how they respond to incentives and how they adapt to automation.
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Waste not: how researchers harness pee and poo for science
 It might seem gross, but these materials are treasure troves for research. 
 By 
 Hannah Docter-Loeb

Find a new job

  
Mathilde Poyet works on bacterial samples from around the world at the Global Microbiome Conservancy. Credit: J. Knight/Global Microbiome Conservancy


As Mathilde Poyet ushers me through the Global Microbiome Conservancy’s laboratory in Kiel, Germany, I’m met with all sorts of state-of-the-art equipment. It’s an impressive facility, with typical lab apparatus, such as incubators, the latest sequencing devices and anaerobic chambers for culturing bacteria. But the most important stuff in the lab is stored in a freezer at −80 ºC. The samples are so crucial that there is a back-up battery system — if the electricity to the freezers goes off, the materials will remain intact. These test-tube samples aren’t some immortality serum or cancer-fighting bacteria: they’re faeces.
To be precise, they’re suspended stool samples and bacteria that have been cultured from faeces. But at one point, this was poo that Poyet and her colleagues, including her partner Mathieu Groussin, had collected as part of their work for the Global Microbiome Conservancy (GMbC), of which Groussin is a co-founder. Poyet likes to call the project their “first baby” (one of their real babies, their infant daughter Aelis, joins us in their office as we speak).
“We’ve seen all sorts of poop across the Bristol stool scale — all shapes, all sizes, all colours,” says Poyet, referring to the stool classification chart physicians use to assess digestive issues.
Poyet and Groussin’s work is predicated on the idea that faeces provide an ideal snapshot of the human gut microbiome: the genetic content of the community of organisms found in intestines. This differs across populations1 and can serve as a health indicator. Most research on the human gut microbiome focuses on populations of European descent. But the GMbC solicits samples that are more globally representative. The samples in the freezer come from as far afield as Ghana, Tanzania, Finland and Thailand.

Samples being collected and frozen for the GMbC’s biobank of waste products.Credit: F. Rondon/Global Microbiome Conservancy
Over the past nine years of the programme, the team has sampled 50 populations spanning 19 countries. Its members have worked with local scientists, ethics boards and communities to collect the samples, and have taken cars, boats, helicopters and even quadbikes to sample sites. Back in the lab, researchers analyse the stool content, sequence the genetic material of bacteria cultured from samples and store the live samples in their biobank.
To outsiders, taking stool samples constantly might seem — and smell — disgusting. In Kiel, the scientists occasionally make “poop soup”, using a vessel called a bioreactor to see the effects of different scenarios on procured bacteria. They do this only a few times a year, because the process can be long and expensive, and the aromas pungent, prompting their more-conventional floor mates to give the workspace the nickname “smelly lab”.
But faeces provide a remarkable window into human health. “It’s our best way to interrogate what’s in the gut from healthy people,” says Groussin. “It’s a little bit gross, but that’s just our best way to access this incredible and important biodiversity.”
A treasure trove for science
With the microbiome a buzzy research topic, other scientists around the globe are taking samples to study it themselves. And as seen during the COVID-19 pandemic, wastewater analysis is a valuable public-health tool — providing scientists with the means to monitor pathogens in the population before an infection surges.
“The waste we put into the environment is really data rich,” says Janelle Thompson, an environmental microbiologist at Nanyang Technological University’s Asian School of the Environment in Singapore. Thompson and her team sample Singapore’s wastewater to detect harmful microorganisms in the environment, looking for biological “signals” from organisms or viruses that are shed from the human body.
“You can identify where signals are occurring and follow them over time to see when they’re occurring,” she explains. For example, in 2021 and 2022, Thompson and her colleagues were able to identify variants of concern for the coronavirus SARS-CoV-2 at university campus sites and treatment plants2. This was long before these variants became dominant, indicating “minimal silent circulation”, according to the team.
The implications of research into human waste span several scientific disciplines. Amid a global fertilizer shortage, some scientists (and farmers) are looking to urine as fertilizer, owing to its nitrogen content. A study in Nature Water3, published earlier this year by a group of researchers at Stanford University, California, created a prototype system that extracts nutrients from urine. The team estimates that its design could generate up to US$4.13 per kilogram of nitrogen recovered. And research published in 20204 shows that urine-based fertilizer might also help to conserve other resources, reducing greenhouse-gas emissions and water use.

A researcher pours urine-based fertilizer into a bottle.Credit: Marcin Szczepanski/Lead Multimedia Storyteller, Michigan Engineering
As well as a public-health bellwether, stool samples are being used in the development of a potentially life-saving process to treat infections of Clostridium difficile, through transferring healthy faecal bacteria and other microbes from one host to another.
C. difficile infections are “really caused by a disturbed microbiota”, explains Josbert Keller, a gastroenterologist at the Haaglanden Medical Centre in The Hague, the Netherlands. Keller was part of a group that published an early clinical trial5 into the effectiveness of faecal transfers, also known as faecal microbiota transplants, in 2013. “If the patient is not able to restore this microbiota, then it can recur and recur, and that’s the moment that faecal microbiota transplants can really cure a patient.”
Now, faecal transfers are being looked at as a way to treat obesity6, type 2 diabetes7, Parkinson’s disease8 and other conditions.
Something that’s often perceived as disgusting can actually have a lot of intrinsic value, says Bryn Nelson, whose 2022 book Flush: The Remarkable Science of an Unlikely Treasure was described by its publisher as “an urgent exploration of the world’s single most squandered natural resource”. As part of the research and writing process, the former microbiologist spent years looking at the applications of faeces — and found at least 24 fields that take important information from what we consider waste products. Referring to excrement’s ‘ick’ factor, he says: “We just have to kind of get past that hurdle to discover all the information that it contains.”
Getting into the field
Poyet comes from a wet-lab background. For her PhD, she studied the fruit fly Drosophila suzukii and often spent full days dissecting specimens of the insect. Her research now involves sifting through stool samples to access bacteria that are not exposed to oxygen. Some samples are more foul than others, she says, adding: “What is really gross when working with stool sample is actually when people don’t digest the food, and you can find food almost intact in the stool. I really don’t like it.”
For Thompson, working with waste materials was also a natural fit. “I’ve always just been fascinated by the microbial world and then accessing it for human benefit,” she says. “Microbes are slimy, they can be smelly, but I don’t find them gross.”
Stools and urine are also something that you get desensitized to over time. Chong Chun Wie, a microbiome researcher at Monash University Malaysia in Subang Jaya, oversees stool-sample collection as part of his work on the human microbiome. His research looks at how the gut microbiome differs across ethnic groups9 in the region. Unlike Poyet and Groussin, he is not involved in fieldwork. Instead, bottles are sent to donors who deposit their samples at home, but there is still handling to be done in the lab.
“The more you do it, the more you just get used to it because it’s something you do routinely,” he says.
Marissa Ledger, a medical microbiology resident at McMaster University in Hamilton, Canada, studies the history of parasite infections. Ancient fossilized poo samples — decayed organic components that resemble soil — can be incredibly valuable in archaeology and palaeontology. Ledger’s undergraduate training was in anthropology, studying skeletal remains. She soon learnt that studying parasites in preserved faecal matter is a better way to chronicle infectious diseases throughout human history, likening the fossilized stools to time capsules that can yield nuanced details about infections and diets in a community.
“When I decided that I wanted to look at parasite infections, understanding that they should have been a huge contributor to disease in the past, I was more like, ‘That’s a really cool goal,” she says. “I never really kind of thought of it as gross until I had the response of people talking to me saying, ‘You study ancient poo? That’s crazy.’”
There’s a stronger cultural taboo towards poo than towards pee, observes Marine Legrand, an anthropologist at OCAPI, an interdisciplinary action and research programme in Paris that looks at ways of recycling human waste, such as by using urine as fertilizer. Although funding is available for research on faeces, it seems to be directed more towards medical than agricultural applications. “When we look for funds, it’s easier to find funds to work on pee than to work on poo.”
The public restroom
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Giving a voice to animals: Laos’s national herpetologist on her day-to-day
 Somphouthone Phimmachak studies amphibians and reptiles as one of the country’s few conservation researchers. 
 By 
 Dave Tacon


  
Somphouthone Phimmachak is a herpetologist at the National University of Laos, Vientiane. Credit: Dave Tacon for Nature


“Because I am one of very few specialists in Laos, some people have started to describe me as the country’s first national herpetologist.
This is accurate to my knowledge; I’m not aware of any other Laotians who were working in the field here before 2007, when I started my master’s degree. Conservation studies were instead almost always done by visiting foreign scientists. My PhD challenged that trend, however: I focused on the diversity of Tylototriton salamanders, which led to the discovery of four species.
My day-to-day responsibilities at the National University of Laos in Vientiane include giving lectures, conducting research, leading studies, training future biologists and contributing to conservation initiatives. My own research focuses on amphibian and reptile diversity, with an emphasis on conserving threatened species in the country.
In this photograph, I’m surveying a population of Fejervarya limnocharis frogs along a stream outside Vientiane, for a field survey. I’m recording the number of adults, tadpoles, eggs and frog calls, as well as tracking other ecological factors.
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Abstract
The Cassini mission provided unprecedented insights into Saturn’s largest moon, Titan, from its atmosphere to the deep interior1. The moon’s large measured response to the tides exerted by Saturn was interpreted as evidence of the existence of a subsurface ocean2,3. This response, twice the value predicted in pre-Cassini studies, has escaped complete explanation. Here we show that the signature of tidal dissipation in Titan’s gravity field is not consistent with the presence of an ocean. Our results arise from the detection of this signature through a reanalysis of the radiometric data acquired by Cassini with improved techniques. We found that substantial energy is being dissipated in the interior (approximately 3–4 TW, corresponding to a tidal quality factor Q ≈ 5), consistent with recent studies of Titan’s rotational state4. Because the presence of a liquid layer reduces the tidal dissipation generated below it5, these new measurements preclude the existence of a subsurface ocean on Titan and are explained by a model in which dissipation is concentrated in a high-pressure ice layer close to its melting point. This model also reproduces Titan’s observed rotational state and static gravity field self-consistently, reconciling all available geophysical measurements. Efficient ice shell convection can prevent widespread melting and ocean formation, but a slushy high-pressure ice layer is consistent with expectations6, indicating that it probably hosts liquid water pockets. The forthcoming Dragonfly mission to Titan will provide a further test of whether a subsurface ocean exists.
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Main
Cassini orbited Saturn from 2004 to 2017, performing several fly-bys of its moons. One hundred and twenty-four fly-bys were dedicated to the largest moon, Titan, the second largest moon in the Solar system after Ganymede, providing unique insights into this body1. Ten fly-bys were devoted to measuring Titan’s gravity field and led to an estimate of Titan’s moment of inertia, revealing a weakly differentiated interior7 compared with Ganymede. The interior consists of an approximately 600-km-thick hydrosphere and a low-density rocky core that may point to a large fraction of hydrated silicates8 and/or organic matter9.
Pre-Cassini studies10 indicated that these gravity measurements would allow testing for the existence of a subsurface ocean through the first estimation of Titan’s complex tidal Love number k2 = Re(k2) + jIm(k2), which quantifies Titan’s gravitational response to the tides exerted by Saturn10. Because the tidal deformations and associated perturbation in the gravitational potential are largely enhanced by the presence of a global fluid layer, a large Re(k2) might indicate the existence of the ocean10. The same pre-Cassini study10 noted that substantial viscoelastic deformations in the interior of an oceanless Titan would have the same effect on Re(k2). Crucially, these viscoelastic deformations produce tidal dissipation through shear friction, thus generating an angular (or temporal) delay between the tidal force and the response, quantified by Im(k2) (ref. 11). The detection of this phase delay was thus invoked as a criterion to break this model degeneracy and to conclusively shed light on the existence of the ocean10. The analysis of Cassini radio tracking data allowed the estimation of Re(k2) (ref. 2), yielding a high value (0.616 ± 0.067 (ref. 3)) that was interpreted as evidence of the presence of an ocean and challenged earlier modelling efforts that predicted lower values for Re(k2), in the range 0.3–0.4 (refs. 10,12). So far, work has not provided a conclusive interpretation of Re(k2) and attributed its large value to several possible interpretations, including a high ocean density (>1,200 kg m−3)13,14, a strong viscoelastic response of the interior or a dynamic response in the ocean to tides3,15. A recent reanalysis of the same dataset yielded a lower Re(k2) (0.375 ± 0.060 (ref. 16)) but was still consistent with a global ocean.
Titan’s large obliquity (0.32° ± 0.02°)17,18 compared with solid-body predictions was interpreted as possible evidence for the existence of a global fluid layer18,19. However, subsequent analyses showed that the observed obliquity can also be produced by a model with large tidal deformations20. The existence of a Schumann-like resonance, which can be triggered by the presence of a subsurface ocean21, has been questioned by a recent analysis that showed that the data collected by the Huygens probe during its descent to Titan’s surface are best explained by mechanical vibrations of the probe’s platform22.
No previous analysis of Cassini radio tracking data was able to confidently detect the phase lag between Saturn’s forcing and Titan’s response, and the observational tests devised in the pre-Cassini studies10 involving the combination of Re(k2) and Im(k2) to conclusively establish the presence of an ocean could not be carried out.
A recent analysis of Titan’s rotational state derived the phase lag from the offset of the satellite’s orientation from the equilibrium configuration expected for a moon in a damped Cassini state4. Titan is expected to be in this configuration of equilibrium in which the spin axis and orbit normal both precess about the normal to the Laplace plane (defined as the average orbital plane) at the same rate. The angular deviation from coprecession depends on the dissipation in the interior and yielded a surprisingly large Im(k2) = 0.120 ± 0.027 (ref. 4). Here we use the first direct measurement of Im(k2) obtained by observing the time variations of Titan’s gravity field to confirm this observation and shed light on Titan’s interior state and on the orbital evolution of the Saturnian system.
Titan’s gravity field and tidal response
We measured Titan’s static gravity field and tidal response by reconstructing Cassini’s trajectory through the analysis of radio tracking data acquired during the fly-bys dedicated to gravity science. Our analysis used improved processing techniques, including processing of open-loop radio tracking data and a phase-averaging algorithm that was recently developed and applied to process data from Juno and InSight23,24 (Methods). The new techniques allow for the reduction of the data noise and uncertainties in the derived geophysical parameters by about 25–30% (ref. 24) (Extended Data Fig. 1).
We measured Titan’s gravity field with lower uncertainties compared with previous studies (Extended Data Table 1). Our solution for the real part of k2 is Re(k2) = 0.608 ± 0.048, consistent with the large value previously reported2,3 (Fig. 1). The improved precision also allowed the first measurement of the imaginary part of k2. The new measurement Im(k2) = 0.135 ± 0.035 is 3–4 times larger than the maximum value expected for a body with an ocean and is consistent with the value recently derived from Titan’s rotational state4. This direct measurement of Im(k2) corresponds to a tidal quality factor Q = 4.5 ± 1.1, indicating strong tidal dissipation in the interior of Titan (the Q of the solid Earth and Mars are about 300 (ref. 25) and 90 (ref. 26), respectively).
Fig. 1: Recovered gravity field and tidal Love number k2 of Titan compared with previous works.

The measurements and associated error bars are reported for all of the previous analyses of Cassini radio tracking data and rotational dynamics modelling2,3,4,7,16,37, including several solutions for some of the studies. The geophysical parameters are J2 (a), C22 (b), J2/C22 (c), Re(k2) (d) and Im(k2) (e). The dashed black lines represent the value of the ratio J2/C22 (c) expected for a body in hydrostatic equilibrium and Im(k2) = 0 (e). The error bars represent a 3σ level of uncertainty.
The gravity field model inferred from the Doppler data is consistent with a relaxed configuration in hydrostatic equilibrium. The ratio between the measured zonal and sectorial harmonics of degree 2 is J2/C22 = 3.316 ± 0.051, close to the expected 10/3 for a body in hydrostatic equilibrium. Applying the Radau–Darwin approximation, we obtained a moment of inertia (MoI) C/MR2 = 0.343 ± 0.001 (Supplementary Information), intermediate between the previously reported values of 0.341 ± 0.001 (ref. 3) and 0.348 ± 0.030 (ref. 16).
Titan’s interior and absence of an ocean
We explored the implications of our new set of geophysical constraints (mass, MoI, Re(k2) and Im(k2)) by using a Bayesian inversion framework previously applied to Europa27. To carry out the observational test proposed in the pre-Cassini studies10, we built two separate sets of interior models of Titan with and without a subsurface ocean located between low-pressure (ice Ih) and high-pressure ice polymorphs layer (including ice III, V and VI; see Methods). We included a rocky core below the ice layers but no metallic core, as previous studies discarded this possibility7. We jointly inverted all measurements with a Markov chain Monte Carlo (MCMC) algorithm. The parameter space of the MCMC algorithm includes the mechanical and rheological properties of the layers. The tidal response of the body is modelled with a semi-analytical viscoelastic framework28, allowing tidal dissipation to occur in every layer. The rigidity and viscosity of each layer are varied as free parameters (Extended Data Table 2). The viscoelastic structure of the ice Ih shell is modelled with convection scaling laws29. We modelled the viscoelastic response of each layer with the Andrade rheology26,30. However, the effect of the chosen rheology is not important because the tidal forcing period at Titan (15.9 days) is longer than the nominal relaxation times of ice (see Supplementary Information for further analyses of the effects of rheology).
Our modelling indicates that dissipation in the ice Ih shell alone cannot explain the strong tidal dissipation inferred from the radio tracking data (Extended Data Fig. 2). The rocky core could supply the missing dissipation only if its average viscosity is about 1012–1013 Pa s, several orders of magnitude lower than the viscosity expected for rocks under the GPa pressures in Titan’s interior, even if substantially hydrated31.
Instead, most of the viscoelastic friction occurs in the high-pressure ice layer above the core. The inferred tidal heating can be generated if the high-pressure layer deforms over the tidal timescale (15.9 days) with an average viscosity of approximately 1012 Pa s, which is at the lower end of the range of the melting point viscosity inferred for ice V and VI from laboratory experiments32,33. The low viscosity implies that most of the tidal dissipation occurs in this layer that is close to the melting point throughout its depth. This finding is consistent with expectations from simulations of convective heat transfer in this layer6.
Because the presence of an ocean reduces the tidal dissipation generated in the layers below5, we found that models with a global subsurface ocean cannot fit both Re(k2) and Im(k2) (Fig. 2). The largest Im(k2) that can be produced by models with an ocean is approximately 0.050, corresponding to Q ≈ 12, which is inconsistent with our observations and with the independent tidal dissipation inferred from rotational dynamics4. However, models without an ocean match both Re(k2) and Im(k2) within their measurement uncertainty (Fig. 2).
Fig. 2: Posterior distributions for the tidal Love number k2 of Titan compared with the observations for models with and without a subsurface ocean.

Histograms and uncertainty ellipse (red) for computed Re(k2) and Im(k2) compared with the observed uncertainty ellipse (black) for the interior models of Titan without (a) and with (b) an ocean. The centre and axes of the ellipses are computed from the covariance matrix of the posterior distributions obtained from the interior inversion (1σ level of uncertainty).
The deep interior structure that we infer from our inversion (Extended Data Fig. 3) is consistent with previous studies. The inferred density of the large (radius of \({\mathrm{2,026}}_{-147}^{+146}\,{\rm{km}}\), 2σ) rocky core is low (\({\mathrm{2,591}}_{-227}^{+248}\,{\rm{kg}}\,{{\rm{m}}}^{-3}\), 2σ), indicating a large fraction of hydrated materials8 or organic material9. The thickness of the outer ice Ih shell is large (\(17{0}_{-17}^{+17}\,{\rm{km}}\), 2σ). Recent experimental work34 discovered an invariant thermodynamic point (the cenotectic point) that represents the lowest possible temperature at which a liquid solution is stable regardless of pressure and composition. The implication for icy moons is that a freezing ocean would completely disappear at an invariant pressure (210 MPa), setting an absolute limit for the thickness of the ice Ih shell that, for Titan, is about 167 km. Our results are therefore consistent with this recent discovery. The corresponding thickness of the high-pressure ice layer (accounting for different high-pressure phases) is \(37{8}_{-150}^{+151}\,{\rm{km}}\) (2σ).
Titan’s thermal state and orbital evolution
The measured complex tidal response implies that Titan is dissipating orbital energy at a rate of about 4 TW (an order of magnitude larger than radiogenic heating, estimated at about 300 GW (ref. 8)). Most of the dissipation occurs in the high-pressure ice layer (about 3.5 TW). Convection in the outer shell can extract all of the tidal heating without melting the ice, provided that the viscosity of the basal convective layer is less than about 1015 Pa s (Methods). This viscosity range is compatible with the viscosity of the convective layer inferred from the inversion (Extended Data Fig. 3).
The results are also consistent with the suggested presence of methane clathrates above Titan’s ice shell, which would explain the persistence of methane in the atmosphere despite the observed loss to space35,36. Considering the lower thermal conductivity of clathrates compared with ice (about 0.5 W m−1 K−1), the heat generated by the measured tidal dissipation can be evacuated in the presence of a thermally conductive layer of clathrates 2–3 km thick, which is enough to support a methane atmosphere for several billion years36.
The high value of Im(k2) is consistent with the emerging understanding of a rapidly evolving or recently perturbed Saturn system. On the basis of the observed tidal dissipation, Titan’s large eccentricity (e = 0.0288) should damp to zero on a timescale of approximately 30 Myr (ref. 4). Titan’s eccentricity is not primordial, then, and the moon has evolved recently to its current orbital state. Recent astrometric and radio science analyses suggest that Titan formed closer to Saturn and migrated outward owing to strong tidal dissipation in Saturn’s interior (QS ≈ 125)37. Titan’s current eccentricity, and Saturn’s large obliquity and young rings, can be explained by the loss of a satellite in the past approximately 100 Myr, when Titan’s outward orbital migration perturbed its orbit38. Alternatively, Titan’s eccentricity may have been the consequence of a recent catastrophic collision in the Saturn system39. Considering that the discovery of strong dissipation in the interior of Saturn assumed negligible dissipation in Titan37, our results indicate that Saturn’s effective tidal quality factor QS at Titan’s frequency must be even lower to accommodate for the loss of orbital energy implied by Titan’s strong tidal dissipation and match the observed orbital expansion rate (QS ≈ 75; Methods).
Discussion
Our interpretation of Cassini radio science data at Titan is consistent with the existence of a high-pressure ice layer at the bottom of the moon’s hydrosphere. So far, high-pressure ices have only been predicted by thermal models40,41. Although this layer was considered a barrier for energy and material transport across the hydrosphere, our results indicate that intense tidal dissipation occurs in this layer. The inferred low viscosity (about 1012 Pa s) would facilitate the onset of strong convection and the subsequent vertical transport of energy and material from the rocks to the surface6. It is this convection that is responsible for removing heat rapidly enough that an ocean does not form.
The low viscosity implies that high-pressure ice polymorphs are close to their melting temperature, consistent with expectations6. In this state, melt pockets may play a substantial role in reducing the effective viscosity of the ice. Experiments to measure the viscoelastic properties of high-pressure ices subjected to long-term forcing (about 16 days) have historically been challenging to perform, leading to substantial variations in measured rheological responses depending on the technique used32,33. The likely presence of variable grain sizes and impurities further complicates this problem. The primary finding of this study underscores the necessity for new experimental studies using contemporary techniques.
The new results indicate a new pattern in our understanding of large icy moon hydrospheres. The absence of a global ocean in Titan, despite substantial tidal heating, suggests that ocean worlds may be less common than has been supposed in recent years42. Although a global ocean has been considered ideal for sustaining habitability in Titan36, the presence instead of a mushy hydrosphere potentially makes this world more interesting. The slushy state of the high-pressure ice layer and the possible widespread occurrence of melt pockets could create sites with highly concentrated organic and saline aqueous solutions, which could be transported upward by strong convection in the ice shell (Fig. 3). These environments could form unique cryoecological niches, enriched by nutrient-rich fluids from convection-driven fluxes originating at the rocky core boundary and surface-derived impact melts transporting complex organic molecules43. Such an environment resembles Earth’s polar sea ice ecosystems (one of the largest on Earth), in which a large diversity of organisms thrive despite extreme salinity and near-freezing conditions44. Even for conservative melt fractions, Titan’s extensive hydrosphere (about 4 × 1010 km3) would yield enormous liquid volumes—just 1% melt fraction equals the volume of the entire Atlantic Ocean, whereas 0.01% still matches the Mediterranean Sea.
Fig. 3: Schematic interior structure of Titan revealed by this study.

The strong tidal response amplitude and dissipation preclude a global subsurface ocean and indicate a slushy high-pressure ice layer, comprising ice III (light green), ice V (light blue), ice VI (light purple) and small amounts of partial melting (fuchsia).
Although both the obliquity and Re(k2) have long been interpreted as evidence for a global ocean, reconciling all of Titan’s geophysical observations has historically been challenging. Models attempting to explain the obliquity failed to reproduce the observed Cassini plane offset18 and MoI, requiring MoI values lower than 0.320 (ref. 14), which are largely inconsistent with observations2,3,7. Conversely, models constructed to interpret the Cassini plane offset did not address the obliquity4. By contrast, our oceanless interior model is the first model of Titan’s interior that simultaneously explains all available geophysical constraints (Extended Data Table 3; see also Supplementary Information). Although measurements of Re(k2) remain a powerful tool to detect oceans in small-sized and mid-sized moons, our results demonstrate that measurements of Im(k2) are also required to break the degeneracy of possible interior models in the case of large icy moons. An observational test will be provided by the Juice mission, which is expected to measure Ganymede’s complex k2 with excellent measurement precision (\({\sigma }_{{\rm{Re}}({k}_{2})}=1{0}^{-4}\), \({\sigma }_{{\rm{Im}}({k}_{2})}=7\times 1{0}^{-5}\))45.
Because Ganymede—a similar-sized body to Titan—probably has a subsurface ocean46, why does Titan not? One possibility is that Ganymede underwent an extreme tidal heating event midway through its history, melting an ocean that has not yet had time to refreeze47. It is likely that Ganymede experienced more tidal heating than Titan, considering that its eccentricity may have been sustained by interactions with the other Galilean satellites in the Laplace-like resonance47. The largely distinct differentiation state of the two satellites and the existence of a metallic core inside Ganymede46 support this scenario. It is worth considering that a recent analysis of Galileo’s and Juno’s magnetometer data found a small induction efficiency at Ganymede, interpreted by invoking a thick (roughly 150 km) ice shell48. This implies that Ganymede’s ocean is thin and close to complete freezing34, despite a comparatively stronger tidal history.
The Dragonfly geophysical investigation including the seismology instrumentation on DraGMet will help constrain the density and rheological structure of Titan, providing an observational test of the new, ocean-free model introduced here with an independent dataset. Revealing the discrete layering of the ice polymorph phases may be possible owing to their substantial seismic velocity contrast40, providing a better understanding of Titan’s internal heating and the distribution of fluids in its hydrosphere. In the longer term, an orbiter mission49 could test for the presence of an ocean by measuring tidally driven elevation changes or rotation rate variations (see Supplementary Information).
Methods
Radio tracking data selection
We analysed the two-way and three-way Doppler data at 60 s count time acquired by Cassini during the fly-bys devoted to gravity, including T011, T022, T033, T045, T068, T074, T089, T099, T110 and T122, using JPL’s Mission Analysis, Operations, and Navigation Toolkit Environment (MONTE50). The range-rate observations used to measure the gravity field are extracted from the Doppler shift affecting a radio-frequency signal sent from Earth in X-band (7.2 GHz) and retransmitted back in X-band (8.4 GHz) and Ka-band (32.5 GHz). As in the 2019 analysis3, we selected X/Ka-band data over X/X-band data when available and two-way over three-way data. This approach differs from the data selection used more recently16, which focused on X/X-band data. However, we also processed X/X-band data for comparison with previous works and found that this choice does not affect the results of the analysis, because the Sun–Cassini–Earth geometry did not imply propagation through the solar corona and the effects of scintillation on different frequencies is negligible. The Doppler data were averaged at 60 s as in the early analyses2,3. We also processed data at 10 s integration time, as in the latest analysis16. We observed no significant difference in the results. We included the Advanced Water Vapor Radiometer (AWVR) calibrations when available to compensate for the effects of the Earth’s troposphere on the radiometric observables. When the AWVR data were not available, we used the Tracking System Analytical Calibration (TSAC) to compensate for tropospheric and ionospheric effects. The data were weighted by the root mean square of the observation residuals individually for each tracking pass.
This work has several improvements in data analysis over previous work3,16 involving the application of signal processing techniques developed for Juno51 and InSight23,24. First, for the closest approach passes, we process the recorded open-loop data from the Radio Science Receiver (RSR) using a phase-locked loop that is optimized for thermal noise51. This produces unique frequency measurements at 1 s count-time intervals. Second, we apply a phase-averaging technique24 instead of frequency-averaging, as is typically done, to increase the compression time to 60 s. Phase compression is superior over frequency compression for low count times when thermal noise is the dominating source. Phase compression enabled a reduction of data noise of approximately 25% on average, with a peak of 30% for T122, which is consistent with its previous application on InSight radio science data23,24 (Extended Data Fig. 1).
Radio tracking data analysis
We modelled the spacecraft dynamics accounting for the gravity accelerations, in a relativistic framework, imparted by the Sun, the planets in the Solar System and all of Saturn’s large moons. For Titan and Saturn, we also accounted for the spherical harmonic expansion of their gravity fields. The input gravity field of Titan, expanded to degree and order 5, was initialized to zero and accounted for time-varying tidal effects on degree 2 parameterized by the tidal Love number k2. Saturn’s gravity field was assumed to be consistent with the ephemerides models52. The body-fixed reference frames for Titan and Saturn are also consistent with the ephemerides52. We accounted for solar radiation pressure, atmospheric drag using the recently revised Titan Global Reference Atmosphere Model (Titan-GRAM)53 and the acceleration given by radioactive decay in the radioisotope thermoelectric generator with navigation models used by previous studies3,16. We also accounted for the time-varying effects of Titan’s atmosphere on its gravity field by expanding the pressure fields obtained from global climate model simulations54 into the corresponding surface mass variations55,56. The technique that we used allowed us to take into account both the gravity time variations induced by the direct gravitational attraction of the atmospheric mass and those induced by the response of the moon to the surface loading. The atmospheric mass redistribution induced by the tides that Saturn exerts on Titan’s atmosphere is large, leading to gravity variations on the degree 2 gravity on the order of 10−9, larger than Venus and Mars atmospheric gravity effects by an order of magnitude. By modelling these contributions, we removed their effects from the data and obtained an estimate of k2 that is only given by the solid moon. These effects are still too small to be detected with fly-bys and they do not markedly affect our solution (Supplementary Information).
The data were segmented into observation arcs centred around the closest approach. We fit the data arcs with a set of parameters describing the dynamics of the spacecraft using a weighted least-squares estimation filter. We integrated the trajectory and computed the Doppler observations. The differences from the raw observations (residuals) were minimized by iterating the filter. A priori uncertainties were used to regularize the least-squares inversion. For each data arc, we estimated the initial position and velocity of Cassini (with a priori uncertainty 100 km and 20 m s−1 for each direction), the atmospheric drag scale factor CD (a priori equal to 10% of its value) and a scale factor for the solar radiation pressure (10%). As in previous studies2,3, we estimated the accelerations given by the radioisotope thermoelectric generator with a priori uncertainties that are 103–104 times larger than their nominal value. Doppler radio science measurements during fly-by T110 were performed using the low-gain antenna. We estimated the location of its phase centre with respect to Cassini’s centre of mass to calibrate the effects of the spacecraft rotation on the Doppler observables. All the information from the arcs is combined to estimate the geophysical parameters, including Titan’s gravity harmonics up to degree 5, the tidal Love number k2 and the associated time lag Δt (from which the imaginary part Im(k2) is derived). We also included Titan’s gravitational mass when we estimated its orbit. All of these quantities were unconstrained in the inversion, including the higher-degree gravity field that was not constrained with a Kaula’s rule.
To be consistent with previous studies, the uncertainties are provided with solutions obtained by numerically integrating and estimating the reference position and velocity of Titan with respect to the Saturn system barycentre at the beginning of each data arc. The a priori uncertainties are given by the covariance of the SAT441 (ref. 52) solution multiplied by 10.
We note that, as acknowledged in the most recent analysis16, most of the spherical harmonic coefficients at degree 5 are compatible with zero, indicating that the Cassini radio tracking data are not sensitive to full 5 × 5 expansion. We retained the estimation of the degree 5 coefficients to be consistent with previous analyses, but their inclusion in the data fit is not necessary and it does not yield any further information about Titan’s gravity field and interior structure. When we removed these coefficients from the estimation, we were able to further reduce the uncertainties in the geophysical parameters, which supports our finding that both Re(k2) and Im(k2) are observable through Cassini radio tracking (Supplementary Information).
Uncertainties on estimated geophysical parameters
The reported uncertainties in the Doppler-derived geophysical parameters were obtained from the covariance matrix computed by the weighted least-squares filter. The uncertainties have several sources, the most important being Doppler data noise, the number of observations and the number of estimated parameters. Estimating a larger set of parameters increases the correlations in the solution and the resulting uncertainties. Improvements in the root mean square of the data noise translate almost linearly into improvements in the uncertainties of the retrieved geophysical parameters. When we estimated the Titan ephemerides without using phase compression in our preprocessing, we obtained uncertainties compatible with previous studies: \({\sigma }_{{\rm{Re}}({k}_{2})}=0.060\), \({\sigma }_{{\rm{Im}}({k}_{2})}=0.044\) (refs. 3,16,37). Applying phase compression reduced the data noise root mean square between 20% and 30% for all tracking passes around closest approach, which in turn improved the uncertainties on the derived parameters by about 15–20%: \({\sigma }_{{\rm{Re}}({k}_{2})}=0.048\), \({\sigma }_{{\rm{Im}}({k}_{2})}=0.035\). The solutions obtained are statistically consistent and the variations are less than 1σ.
We note that the uncertainties in the derived geophysical parameters can be reduced by truncating the estimation of the gravity field up to degree 4 instead of 5, which substantially reduces the number of estimated parameters (\({\sigma }_{{\rm{Re}}({k}_{2})}\approx 0.030\), \({\sigma }_{{\rm{Im}}({k}_{2})}\approx 0.020\)). We thus reported the solution obtained in the most conservative case.
Computing tidal effects on radiometric observables
The least-squares procedure requires computing the partial derivatives of the estimated parameters with respect to the radiometric observables. The recent analysis16 attributed the notable difference between their estimate of the tidal Love number Re(k2) (0.375 ± 0.060) (ref. 16) and previous analyses (0.616 ± 0.067) (refs. 2,3) to an incorrect calculation of the partial derivatives of k2 with respect to Doppler observations.
The tidal response of Titan is detected through periodic time variations of the gravity field described by variations ΔClm and ΔSlm in the spherical harmonic coefficients:
$$\Delta {C}_{{\rm{lm}}}-{\rm{i}}\Delta {S}_{{\rm{lm}}}=\frac{{k}_{{\rm{lm}}}}{2l+1}\frac{{M}_{{\rm{S}}}}{{M}_{{\rm{T}}}}{\left(\frac{{R}_{{\rm{ref}}}}{r}\right)}^{(l+1)}{P}_{{\rm{lm}}}(\sin {\theta }_{{\rm{S}}}){{\rm{e}}}^{-{\rm{i}}m{\phi }_{{\rm{S}}}}$$
 (1) 
in which klm are the tidal Love numbers, MT is Titan’s mass, MS is Saturn’s mass, r, θS and ϕS are Saturn’s distance, colatitude and colongitude, respectively, with respect to Titan in a body-fixed reference frame centred on the moon, Plm are the associated Legendre functions and Rref is the radius of the sphere to which the spherical harmonic expansion is referred. The tidal lag induced by dissipation is introduced in equation (1) by computing the quantities r, θS and ϕS at time t − Δt, in which Δt is the tidal time lag. The phase lag can be derived as δ = sin(nΔt), in which n is Titan’s mean motion. The tidal quality factor Q is defined as 1/sinδ and the imaginary part of k2 is Im(k2) = |k2|/Q.
This model is implemented in MONTE through a full variational approach and was used to compute the tidal effects and their partial derivatives. This is the same model that was implemented in the GEODYN code for the latest analysis of Cassini radiometric data16. We could not find a complete explanation for the differences in Re(k2) between our result and the recent analysis16. Instead, our analysis confirmed previous analyses2,3. To support our results, we provide the results of stability tests that involve different assumptions for the dynamical modelling of the spacecraft and estimation strategy (see Supplementary Information). We found that the estimate of the tidal Love number k2 is robust under a wide range of assumptions.
Modelling Titan’s interior
We modelled the interior of Titan accounting for a rocky core and a hydrosphere that may include an ocean between a high-pressure ice layer and an outer ice Ih shell. The radial layers are assumed to be uniform, that is, described by average physical properties. The ice Ih shell is further divided into two different layers, the stagnant lid and the well-mixed interior, to account for convection. The number of layers is 4 or 5, depending on whether an ocean is present. The properties of the layers are varied as free parameters in our MCMC algorithm (Extended Data Table 2). The size and density of all layers is explored, except for the radius of the rocky core, which is derived from the body radius and the thicknesses of the other layers. The thicknesses of the ice Ih, ocean and high-pressure ices layers are not independent but, instead, are self-consistently constrained by the thermodynamics of the water–ice system given by an equation of state (EoS), which is included in our modelling using SeaFreeze57. To compute the structure of the hydrosphere, we assume a conductive thermal profile in the cold portion of the shell, whereas the warm portion is modelled following scaling laws for convection. For models with a subsurface ocean, the bottom temperature is set by the pressure-dependent ice Ih–liquid water phase boundary (melting curve). For models without an ocean, we select the bottom temperature to require a transition to high-pressure ice. The temperature profile in the remaining high-pressure ice layers is assumed to be the melting curve of each ice polymorph, which are expected to be close to the melting point6. This approach has already been used for previous modelling work58. This assumption does not affect our results because the other properties of the high-pressure ice layers (density, viscosity, rigidity) are independently varied as free parameters and not tied to any assumption. The EoS implemented in the inversion is based on recent pure water experimental data with higher accuracy and precision than the IAPWS95 formulation in the pressure and temperature range relevant for icy worlds57,59. Accounting for impurities (for example, dissolved ions, clathrate ices) may affect the phase diagram and the resulting hydrosphere structure60. We tested this assumption, relaxing the thermodynamic constraint by removing the EoS constraint from the inversion and independently varying the thicknesses of the ice Ih, ocean and high-pressure ice layers. Even allowing for thermodynamically forbidden configurations of ocean and ices, models assuming a subsurface ocean still cannot fit the data, whereas oceanless models provide a satisfactory fit of the observations (Supplementary Information).
In the parameter space of the MCMC algorithm, we include the rheological properties of each layer that contribute to the determination of Titan’s tidal response, including their rigidity and viscosity. The viscoelastic structure of the ice Ih shell is treated by modelling convection with scaling laws29, which include a stagnant lid on top of the warm layer that does not contribute substantially to Titan’s tidal dissipation. The stagnant lid thickness is computed on the basis of the other parameters that are varied in the inversion. If this stagnant layer were not included, the whole ice shell would contribute to the viscoelastic response, overestimating the tidal dissipation in that layer. The viscosity of the convective layer is computed using an Arrhenius law based on the modelled temperature structure and the creep activation energy and melting point viscosity varied by the MCMC algorithm. The viscoelastic tidal response is computed with an incompressible semi-analytic framework28, assuming that the layers are described by an Andrade rheological model. The parameters of the Andrade models are also varied in the inversion framework. The parameter α is varied between 0.2 and 0.4 (ref. 61) and ζ is varied between 0.01 and 100, as suggested in recent revisions of the Andrade model62,63. The ocean is modelled as a low-viscosity fluid layer.
The tidal forcing period of Titan (about 16 days) is considerably longer than the nominal relaxation times of ice. Therefore, Titan’s tidal response is largely dominated by viscous dissipation, with negligible contribution of the transient anelastic regime (for example, refs. 26,30). As a result, we find that using different viscoelastic models (that is, Maxwell, Burgers and Sundberg–Cooper), which mostly differ in capturing the transient anelastic regime between elastic and viscous regimes near the nominal Maxwell relaxation time, does not affect the results of this study. We provide more detailed assessments of the effects of rheological models and their parameters on Titan’s tidal response in the Supplementary Information.
MCMC interior inversion
The joint inversion of all measured geophysical quantities (mass, MoI, Re(k2) and Im(k2)) is carried out by using the MCMC algorithm developed and successfully tested in previous analyses27,64. We used a Metropolis–Hastings sampler to explore the parameter space and build interior models that are consistent with the observations within their measurement uncertainty. The interior properties are randomly sampled and used to evaluate the computed observations X = [MT, MoI, Re(k2), Im(k2)] for each model. The computed values are then compared with the observations Xobs with their covariance matrix Σ to build the log-likelihood function log(P) = −1/2(X − Xobs)TΣ−1(X − Xobs) that is used to explore the parameter space. The covariance matrix is built with the variances of the observations on the diagonal and it also accounts for the small correlation between Re(k2) and Im(k2). To validate the results obtained with the Metropolis–Hastings sampler, we also ran a separate analysis using the affine-invariant ensemble sampler provided by the open-source library emcee65, with the same parameter space. The set-up of the algorithm used to validate the modelling approach is based on a previous application to Europa66.
Orbital energy and evolution
The energy dissipation rate is computed as11:
$$\dot{E}=-\,\frac{21}{2}{\rm{Im}}({k}_{2})\frac{{(nR)}^{5}{e}^{2}}{G},$$
 (2) 
in which n is Titan’s mean motion (n = 2π/15.95 day−1), e is the orbital eccentricity, R is the moon’s radius (R = 2,574.7 km) and \(\dot{E}\approx 4\,{\rm{TW}}\). The orbital energy loss results in a decrease of the orbital eccentricity at a rate67:
$$\frac{{\rm{d}}e}{{\rm{d}}t}=-\,\frac{21}{2}\frac{{k}_{2}}{Q}\frac{{M}_{{\rm{S}}}}{{M}_{{\rm{T}}}}{\left(\frac{R}{a}\right)}^{5}ne,$$
 (3) 
in which MS and MT are Saturn’s and Titan’s masses68, respectively, and a is the semimajor axis of Titan’s orbit. The measured Im(k2) = k2/Q yields a damping rate for the eccentricity of about 3.1 × 10−17 s−1, corresponding to a decay timescale of about 30 Myr.
The semimajor axis of Titan’s orbit also decreases at a rate:
$${\left(\frac{{\rm{d}}a}{{\rm{d}}t}\right)}_{{\rm{T}}}=-\,21\frac{{k}_{2}}{Q}\frac{{M}_{{\rm{S}}}}{{M}_{{\rm{T}}}}{\left(\frac{R}{a}\right)}^{5}na{e}^{2},$$
 (4) 
Dissipation inside Saturn acts to increase the semimajor axis of Titan’s orbit as:
$${\left(\frac{{\rm{d}}a}{{\rm{d}}t}\right)}_{{\rm{S}}}=3{\left(\frac{{k}_{2}}{Q}\right)}_{{\rm{S}}}\frac{{M}_{{\rm{T}}}}{{M}_{{\rm{S}}}}{\left(\frac{{R}_{{\rm{S}}}}{a}\right)}^{5}na,$$
 (5) 
in which (k2/Q)S = Im(k2)S quantifies the dissipation inside Saturn. These two effects compete to determine Titan’s orbital evolution. Our measurement of Im(k2) has implications for Saturn’s tidal dissipation factor QS. Recent work measured Titan’s orbital expansion rate at approximately 11 cm per year (ref. 37). On the basis of this observation and assuming that Titan’s internal dissipation was negligible, the derived QS for Saturn was approximately 124. However, Titan’s internal dissipation, as described by equation (4), would introduce a negative contribution to its orbital expansion rate, estimated here at approximately −7 cm per year. To reconcile the model with the total observed expansion of 11 cm per year, the positive contribution driven by Saturn’s dissipation (governed by equation (5)) must therefore be larger and must account for roughly 18 cm per year. A larger orbital migration rate driven by Saturn implies greater tidal energy dissipation within the planet. Consequently, this revised calculation suggests a lower Q value for Saturn, estimated to be around 75, to match the observed expansion rate of Titan when Titan’s internal dissipation is included.
Titan’s thermal budget
The heat generation and transfer across Titan’s hydrosphere determine the thermal profiles and the physical state of each layer. The implication of Titan’s hydrosphere being frozen is that all of the tidally generated heat must be transported through the ice layers and radiated to space without forming sufficient, presumably interconnected69, melt in the solid phases to collect and decouple the high-pressure and ice I layers. Because of the strong dependence of ice viscosity on temperature, the thick ice Ih shell (about 170 km) inferred from our model is in the stagnant lid regime. The amount of heat per unit area F that can be removed is ultimately controlled by the stagnant lid developed on top of the convective layer70:
$$F=\frac{k\Delta T}{2d}{{\rm{Ra}}}^{1/3}{(\gamma \Delta T)}^{-4/3},$$
 (6) 
in which k is the ice thermal conductivity, ΔT is the temperature drop across the layer (about 170 K), d is the thickness of the layer, Ra is the Rayleigh number that quantifies the strength of convection and γ is a parameter that controls the strength of the temperature dependence of the viscosity of the ice. For bottom-heated shells, Ra = ρgαΔTd3/(κηb), in which ρ = 920 kg m−3 is the density of the ice, α = 1.6 × 10−4 K−1 is the thermal expansivity of the ice, g = 1.35 m s−1 is the gravitational acceleration at the surface, κ = 10−6 m2 s−1 is the thermal diffusivity of the ice. \(\gamma ={E}_{{\rm{a}}}/(R{T}_{{\rm{b}}}^{2})\), in which Ea is the activation energy of the ice, R = 8.3145 J mol−1 K−1 is the gas constant and Tb is the temperature at the base of the convective layer. Assuming that the thermal conductivity, activation energy and melting point viscosity of the ice vary in the range shown in Extended Data Table 2, up to approximately 10 TW can be removed from the ice shell. This rate of heat removal exceeds that generated by the inferred tidal heating and estimated radiogenic heating, demonstrating that an ocean need not develop. These predictions are all consistent with the constraints of the inversion, which prescribe the viscosity of the ice to be ≲1016 Pa s to match Re(k2) and Im(k2). As an example, assuming a bottom viscosity of 5 × 1013 Pa s yields a convective heat flux of about 4 TW, which is the heat that needs to be evacuated for an ocean not to form. This value also yields Im(k2) consistent with observations (Supplementary Information).
Further details are available in the Supplementary Information and rely on refs. 20,72,73,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,,71,72,73,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99.
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The Cassini radio tracking data used in this research are publicly available through NASA’s Planetary Data System at https://atmos.nmsu.edu/pdsd/archive/data/.
Code availability
The results of this work can be reproduced using JPL’s Mission Analysis, Operations, and Navigation Toolkit Environment (MONTE). MONTE is an astrodynamic programming platform that can be used to perform spacecraft orbit determination. MONTE is ITAR-free and can be licensed for research use. The license for MONTE can be requested at http://montepy.jpl.nasa.gov. The code used to compute Titan’s tidal response, PyALMA, is available at https://doi.org/10.5281/zenodo.10472442 (ref. 100).
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Extended Data Fig. 1 Range-rate residuals for all of the gravity science fly-bys near Cassini’s closest approach to Titan.
The orange dots represent the improvement in the data noise allowed by improved processing techniques when compared with traditional techniques (purple dots).
Extended Data Fig. 2 Complex Love number k2 for models that assume that tidal dissipation only occurs in the outer ice shell.
Comparison between the measured Re(k2) and Im(k2) and the corresponding modelled values assuming that dissipation only occurs in the ice shell, an ocean density of 1,300 kg m−3 and a hydrosphere thickness of 600 km. The grey-shaded area represents the 1σ measurement uncertainty. The tidal heating generated in the shell alone is not enough to match Im(k2), therefore, energy must be dissipated below.
Extended Data Fig. 3 Posterior distributions of the interior properties resulting from the joint inversion of the geophysical parameters.
Corner plot showing the posterior distribution for the interior properties explored with the MCMC algorithm. The properties are the thickness (d), density (ρ) and viscosity (η) of the layers. Some properties varied in the MCMC algorithm are unconstrained and result in uniform distributions, which are not shown here. The central values are the means of the posterior distributions. The error bars represent a 2σ level of uncertainty.
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Abstract
The apparent invariance of the strong nuclear force under combined charge conjugation and parity (CP) remains an open question in modern physics1,2. Precision experiments with heavy atoms and molecules can provide stringent constraints on CP violation via searches for effects due to permanent electric dipole moments and other CP-odd properties in leptons, hadrons and nuclei3. Radioactive molecules have been proposed as highly sensitive probes for such searches4, but experiments with most such molecules have so far been beyond technical reach. Here we report the production and spectroscopic study of a gas-phase actinium molecule, 227AcF. We observe the predicted strongest electronic transition from the ground state, which is necessary for efficient readout in searches of symmetry-violating interactions. Furthermore, we perform electronic- and nuclear-structure calculations for 227AcF to determine its sensitivity to various CP-violating parameters, and find that a realistic, near-term experiment with a precision of 1 mHz would improve current constraints on the CP-violating parameter hyperspace by 3 orders of magnitude. Our results thus highlight the potential of 227AcF for exceptionally sensitive searches of CP violation.
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Main
Providing a satisfactory explanation for the cosmological baryon asymmetry requires that the combined symmetry of charge conjugation and parity (CP) is broken, following Sakharov’s conditions5. Within the Standard Model of particle physics, CP violation emerges in the weak nuclear force via the complex phase of the Cabibbo–Kobayashi–Maskawa matrix, which is responsible for the observed CP-violating decay of K mesons, and in the strong nuclear force via a term quantified by the quantum chromodynamics (QCD) \(\bar{\theta }\) phase. The upper bounds to CP-violating terms within the Standard Model are considered not to be able to account for the observed baryon asymmetry in the Universe2, and thus new sources of CP violation are theorized to exist. Signatures of leptonic, hadronic and nuclear CP-odd properties manifest as symmetry-violating electromagnetic moments, which in turn lead to transition frequency shifts in atoms and molecules that can in principle be observed via high-precision measurements. These systems thus offer a sensitive approach to search for CP violation and physics beyond the Standard Model3.
Owing to the electrostatic screening by the bound electrons, neutral atoms and molecules are not suitable probes for measurements of the CP-odd electric dipole moment (EDM) of the nucleus6. Instead, experiments search for the closely related nuclear Schiff moment7, which is linked to the QCD Lagrangian via a chiral effective field theory of the pion–nucleon interaction8,9,10. Despite global experimental efforts to measure the Schiff moment in 199Hg (ref. 11), 205Tl (ref. 12), 225Ra (ref. 13) and other nuclei, only upper bounds have been determined so far. Future efforts to improve experimental precision are thus accompanied by theoretical investigations to identify nuclei with an enhanced Schiff moment, thus maximizing the chances of observing a non-zero signal in the laboratory.
Heavy radioactive nuclei with static octupole deformation have enhanced Schiff moments in their intrinsic (body-fixed) frame of reference, owing to the close-lying opposite-parity states of same angular momentum that arise from their reflection-asymmetric shape10,14. Of the nuclei that have been theoretically investigated so far, the longest-lived actinium isotopes 225,227Ac are expected to have the largest nuclear Schiff moments14, and Mössbauer spectroscopy of 227Ac has recently been proposed as a possible pathway to study its CP-violating odd-electric and even-magnetic nuclear moments15. Experiments with heavy polar molecules are currently the most sensitive approach to search for hadronic, leptonic and nuclear CP-violating properties3, owing to their enormous internal electric field and high polarizability in the presence of small applied fields. Therefore, precision experiments using polar actinium molecules, such as actinium monofluoride (AcF), offer the most compelling direction for searches of CP violation with heavy and deformed actinium nuclei.
The longest-lived actinium isotope 227Ac has a half-life of 21.8 years and a long decay chain of radioactive products. Thus, manufacturing macroscopic actinium samples and transporting them for use with existing experimental set-ups for EDM searches would be prohibitively radioactive. Radioactive ion beam facilities such as CERN-ISOLDE16 are able to deliver actinium molecules for study, offering the ability to perform experiments with such compounds in environments with appropriate radiation-protection measures in place. So far, molecular formation of radioactive species produced via the isotope separation on line (ISOL) method17,18 used at the CERN-ISOLDE facility has been proven to reliably deliver isotopically pure ion beams of radioactive molecules. Controlled formation of molecules within the ISOL source environment is additionally used for purification of radioactive ion beams from contaminants, and for improving the extraction efficiency of the radioactive isotopes17,19,20. Past investigations using the ISOL method demonstrate that in addition to exhibiting limited extraction efficiency owing to its refractory chemical properties21, actinium also forms highly refractory ceramics in an oxygen-rich environment22. This limits extraction rates of actinium itself as well as its oxides and nitrides, motivating developments to form and extract the more volatile fluoride ions to reach higher extraction rates23. As the shot-noise-limited precision scales with the square root of the number of probed molecules24, the availability of AcF contributes significantly to its potential as a compelling system for precision spectroscopy.
Production and spectroscopy of AcF
No experimental spectroscopic study of AcF has been reported so far. Detailed knowledge of the strongest electronic transition from the X1Σ+ ground state is critical, as the X1Σ+ state is envisioned for precision measurements and is not limited by a finite radiative lifetime like the metastable 3Δ1 electronic states in ThO and HfF+ that have been used in electron EDM studies. Knowledge of the strongest transition from X1Σ+ is necessary to assess the state readout efficiency via optical detection and the potential for laser cooling. State-readout efficiency is in turn crucial for a sensitive high-precision experiment12,24,25. Therefore, spectroscopic experiments are required to characterize the relevant properties of AcF, while also providing a versatile benchmark of predictive relativistic ab initio quantum chemistry for radioactive molecules4,26, as recently applied on AcF27.
In this work, intense, chemically and isotopically pure beams of 227Ac19F+ were produced at the CERN-ISOLDE facility, as shown in Fig. 1. Actinium nuclides were produced in nuclear reactions induced by 1.4-GeV protons from the CERN Proton Synchrotron Booster bombarding a thick, room-temperature target of uranium carbide (UCx). Two weeks after proton irradiation, the radiogenic actinium nuclides were extracted by resistively heating the target to >1,300 °C, facilitating nuclide diffusion and effusion through the UCx matrix28. Carbon tetrafluoride (CF4) was supplied to the heated target at a rate of 0.065 nmol s−1 for the formation of fluoride molecules (Fig. 1a). Ionization techniques using hot cavities and resonance laser ionization are most frequently used at ISOLDE, but without further information on its chemical properties, these techniques could not be used to produce AcF. A forced-electron-beam-induced arc-discharge ion source29 was connected to the target to create ions of the extracted species through electron impact, plasma ionization and molecular dissociation (Fig. 1b).
Fig. 1: Schematic of the experiment.

a, Target and ion-source unit releasing Ac to form AcFx molecules from injected CF4. b, All species are ionized by accelerated electrons within the anode volume and extracted across a voltage difference (40 kV) to ground potential. c–f, The ion beam is then mass-separated (c), cooled and bunched (d) before neutralization via charge exchange with sodium vapour in the charge-exchange cell (CEC), and laser resonance ionization (e). f, The time-of-flight spectrum of the ion beam with mass-to-charge ratio A/q = 246 after 2,000 revolutions in a multi-reflection time-of-flight mass spectrometer23,49. The expected times of flight for 227Ac19F+ (half-life t1/2 = 21.8 yr) and 227Ra19F+ (t1/2 = 42.5 min) are shown in red and blue lines, respectively. The x axis is offset by the expected time of flight for 227Ac19F+. No molecules other than 227Ac19F+ were identified in the beam.
Source data
The ion beam was accelerated to 40 keV and the 227Ac19F+ ions were separated from all other radiogenic products using two magnetic dipole separators in series (Fig. 1c). The temperature of the target was controlled to regulate the mass-separated 227Ac19F+ ion beam at an intensity between 6 × 106 and 2 × 107 ions per second for the duration of the experiment. Although an intensity of more than 6 × 107 ions per second could be achieved at higher temperature, the higher rates correspondingly deplete the in-target actinium inventory faster. The continuous, isotopically purified beam of 227Ac19F+ was then accumulated in a linear Paul trap that reduced the internal temperature of the molecules via collisions with room-temperature helium and released the cooled ion beam in 5-μs bunches every 10 ms (Fig. 1d).
The bunched ion beam was delivered to the collinear resonance ionization spectroscopy (CRIS) experiment30 (Fig. 1e). Following in-flight neutralization in a charge-exchange cell of sodium vapour (about 210 °C), the ions that were not neutralized were discarded by electrostatically deflecting them away from the neutral beam. Spectroscopy of 227AcF was performed at CRIS to search for electronic transitions from the ground state using a two-step pulsed laser scheme (Fig. 2a). Ultraviolet light was produced by single-pass second-harmonic generation (SHG) of a pulsed titanium:sapphire (Ti:Sa) laser and was scanned between 377 nm and 400 nm to search for a resonant transition from the X1Σ+ ground state of AcF. A high-power third-harmonic pulsed neodymium-doped yttrium aluminium garnet (Nd:YAG) laser at 355 nm followed as the second step to non-resonantly ionize the molecules found in an excited electronic state when the first laser step was at the resonant frequency of an electronic transition from X1Σ+. To continuously scan a broad wavenumber range (approximately 1,400 cm−1) with the second-harmonic Ti:Sa light, a position-stabilization loop was implemented along with stabilization of the SHG crystal angle to optimize the SHG output power. Further information on the production and spectroscopy can be found in Methods.
Fig. 2: Spectroscopy of AcF.

a, Two-step laser resonance ionization scheme used to search for electronic transitions in AcF. b, Spectrum of the measured vibronic transitions from the ground state in AcF, and simulation based on the contour-fitted molecular constants. c, Assigned vibronic transitions observed in the spectrum shown in b. d, Fortrat diagrams for the measured vibronic transitions, showing the evolution of the P, Q and R branches along the diagonal vibrational progression. e, Ion count rate as a function of the wavenumber of the first excitation laser across the full scanning range. A cubic Savitzky–Golay de-noising filter with a ten-point window length is applied to the raw data to assist in the visualization of data trends. The complete spectrum is constructed from multiple shorter scans. A vertical offset is applied to each scan to compensate for their different background rates owing to long-term variations in the beam intensity. The y axis is thus in arbitrary units. The red band marks the region of the spectrum in b and the grey bands mark regions investigated and excluded as resonant features. f, Comparison of excitation wavenumbers with different electronic states calculated with FS-RCC27 and the upper state in the spectrum of b. The error bars correspond to the theoretical uncertainty in the excitation wavenumber calculations, as reported in ref. 27.
Source data
Extensive relativistic Fock-space coupled cluster calculations (FS-RCC)27 predict only one transition from X1Σ+ to an excited electronic state in the scanned wavenumber range, and its calculated transition dipole moment is the largest among all transitions from X1Σ+. The only resonance across the full scan range (Fig. 2e) was observed from 25,770 cm−1 to 25,860 cm−1, shown in Fig. 2b. On the basis of the FS-RCC calculations, this spectrum corresponds to the diagonal vibrational progression of (8)1Π ← X1Σ+, calculated to be the strongest transition from the ground state, and thus the optimal choice for a high-efficiency optical state-readout scheme in a future precision experiment. With the assistance of calculated molecular constants and Franck–Condon factors (FCFs) for AcF+ and AcF, the peaks in the spectrum were assigned as shown in Fig. 2c,d (see Methods for details). The calculated FCFs for allowed electronic transitions to other electronic states in the vicinity of (8)1Π are highly diagonal27. Therefore, it appears unlikely that the observed spectrum belongs to an overtone and non-diagonal vibrational progression from X1Σ+ to a state other than (8)1Π, whereas the diagonal vibrational progression to (8)1Π is not observed. Other wavenumber regions were further investigated, shown as grey bands in Fig. 2e around 25,400 cm−1 and 26,150 cm−1. In these regions, the number of resonantly ionized molecules was not affected by the presence or absence of the scanning laser in the interaction region. These regions were thus excluded as transitions corresponding to a resonant excitation from the ground state. The measured excitation energy for the upper state in the spectrum in Fig. 2b is in agreement with the ab initio calculations for the (8)1Π state27, as shown in Fig. 2f.
The contour of the different v′ ← v″, v′ = v″ (where v″ is the vibrational quantum number of the lower state and v′ of the upper) transitions of the measured vibrational progression visibly changes shape as v″ increases (Fig. 2b). This is the result of a gradual change in the slope of the P, Q and R rotational branches for increasing v″, as shown in Fig. 2d. In addition, the observed spacing between vibrational transitions becomes uneven for v″ > 1 (Fig. 2b,c). At the present time, the origin of this is unclear. Rotationally resolved spectroscopy in the future is necessary to provide additional information regarding the anharmonicity of the vibrational potential in the electronic states involved.
The radiative lifetime of the (8)1Π state was calculated to be τcalc = 6.65 ns (ref. 27). The lifetime of the observed upper electronic state was investigated experimentally, but only an upper limit (equal to the pulse width of the excitation laser) could be determined at τexp ≤ 38(4) ns, via the experimental approach previously applied to RaF31. Consequently, a lower limit on the radiative decay rate is set at Γ ≥ 2.6(3) × 107 s−1. The strength of the measured transition corroborates the assignment of the upper state as (8)1Π. Future experimental study is of interest to provide a direct lifetime measurement.
To assess the potential of a precision experiment with 227AcF to constrain CP violation, electronic- and nuclear-structure calculations of the molecular sensitivity to CP-odd properties are necessary. The sensitivity \({W}_{{\mathcal{S}}}\) of the X1Σ+ state to the nuclear Schiff moment was calculated in refs. 32,33, where the prominent role of electron correlation in the magnitude of \({W}_{{\mathcal{S}}}\) was highlighted. Owing to cancellation effects of the individual molecular orbital contributions, the impact of electron correlation on \({W}_{{\mathcal{S}}}\) was found to be more pronounced (>20%) in AcF than in other actinium molecules. Relativistic coupled cluster calculations using the full four-component Dirac–Coulomb and Dirac–Coulomb–Gaunt Hamiltonians were thus performed in this work for dedicated investigations of \({W}_{{\mathcal{S}}}\) in AcF, using current state-of-the-art quantum chemistry techniques at a high degree of accuracy. The obtained final value of \({W}_{{\mathcal{S}}}=-\,\mathrm{7,748}(545)\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\) (where \({{\epsilon }}_{0}\) is the vacuum permittivity and \({{a}}_{0}\) is the Bohr radius) for the X1Σ+ state incorporates higher-order effects than the results reported in the previous studies32,33, and provides a transparent and robust uncertainty analysis. A detailed uncertainty breakdown is given in Methods and comparison with past studies in Supplementary Information.
Impact on the CP-violation hyperspace
The nuclear Schiff moment is not the only source of the molecular CP-odd signal that experiments would seek to measure in the laboratory. Other leptonic, hadronic and nuclear CP-odd properties, such as the electron EDM, would similarly give rise to a molecular EDM, and must be accounted for by calculating the sensitivity of the molecule to the different sources of CP violation. Utilizing the toolbox approach described in ref. 34, the sensitivity of the X1Σ+ ground state of AcF to the CP-odd nuclear Schiff moment (\({W}_{{\mathcal{S}}}\)), tensor-pseudotensor electron–nucleon interaction (WT), electron EDM (Wd) and scalar-pseudoscalar electron–nucleon interaction (Wsps) were calculated in this work within the two-component zeroth-order regular-approximation complex generalized Hartree–Fock (2c-ZORA-cGHF) framework. The factors are compared with those of other molecules in Fig. 3a. In closed-shell molecules such as AcF and RaOCH3+ (1Σ+), Wd and Wsps are strongly suppressed by the electron-to-proton mass ratio compared with open-shell molecules such as HfF+ and ThO (3Δ1). Sensitivity to these interactions can only emerge owing to electron magnetization by the nuclear magnetic dipole moment, giving rise to the second-order properties \({W}_{{\rm{d}}}^{{\rm{m}}}\) and \({W}_{{\rm{sps}}}^{{\rm{m}}}\). For 227AcF, they are calculated to be \({W}_{{\rm{d}}}^{{\rm{m}}}=-\,5\times 1{0}^{-4}\,{\rm{GV}}\,{({\rm{cm}}{\mu }_{{\rm{N}}})}^{-1}\) and \({W}_{{\rm{sps}}}^{{\rm{m}}}=-\,2\times 1{0}^{-3}\,{\rm{peV}}\,{\mu }_{{\rm{N}}}^{-1}\), where \({{\mu }}_{{\rm{N}}}\) is the nuclear magneton. Closed- and open-shell molecules thus provide complementary information on sources of CP violation35,36,37, and experiments using different molecules are necessary.
Fig. 3: Molecular and nuclear sensitivity to CP violation.

a, Comparison of molecular sensitivity to the nuclear Schiff moment (\({W}_{{\mathcal{S}}}\)), tensor-pseudotensor electron–nucleon interaction (WT), EDM of the electron (Wd) and scalar-pseudoscalar electron–nucleon interaction (Wsps) for the 3Δ1 electronic states in 229ThO and 229ThF+, and for the 1Σ+ electronic ground states in 227AcF, 205TlF and 225RaOCH3+. b, Comparison of the sensitivity coefficients (in units of e fm3) of the laboratory nuclear Schiff moment to the CP-odd pion–nucleon (isoscalar a0, isovector a1, isotensor a2) and heavy-meson-exchange (b1, b2) interactions for different nuclei. Values for 227Ac are from this work and for all other nuclei from ref. 10. c, Comparison of the nuclear Schiff moment in the intrinsic body-fixed frame (Sint) for 227Ac and 225Ra, calculated with NDFT in this work and in ref. 10. d, Expected magnitude of the CP-odd molecular energy shift in the laboratory due to the Schiff moment as a function of the QCD constant \(\bar{\theta }\) for different molecules, taking into account the calculated \({W}_{{\mathcal{S}}}\) constant for each species. The teal line marks the precision needed to place a new bound on \(\bar{\theta }\) using 227AcF.
Source data
To estimate the impact of an experiment using 227AcF within the global landscape of CP-odd searches with atoms and molecules, the value of \({W}_{{\mathcal{S}}}\) has to be combined with nuclear-structure calculations of the Schiff moment of the 227Ac nucleus. Previous theoretical investigations of the nuclear Schiff moment in the intrinsic, body-fixed frame (Sint) of 227Ac relied on nuclear density functional theory (NDFT) calculations of Sint in the neighbouring 225Ra (ref. 38), and semi-empirical scaling factors based on the intrinsic quadrupole and octupole deformation and parity spacing of 225Ra and 227Ac (ref. 14). This estimation indicated that 227Ac has the largest laboratory-frame Schiff moment Slab across all investigated nuclei. To confirm this result within a rigorous theoretical framework, a direct NDFT calculation of both Sint and Slab in 227Ac was performed in this work. The calculated value Sint(227Ac) = 37.1(16) e fm3 is 40% higher than Sint(225Ra) = 26.6(19) e fm3 (ref. 10; Fig. 3c).
For a nucleus with a low-lying state \({\bar{\varPsi }}_{0}\) with the same angular momentum but opposite parity as the ground state Ψ0, the laboratory-frame nuclear Schiff moment Slab can be approximated as10
$${S}_{{\rm{lab}}}\approx -\,2\,{\rm{Re}}\left\{\frac{\langle {\varPsi }_{0}| \widehat{S}| {\bar{\varPsi }}_{0}\rangle \langle {\bar{\varPsi }}_{0}| {\widehat{V}}_{{\rm{P,T}}}| {\varPsi }_{0}\rangle }{{E}_{{\bar{\varPsi }}_{0}}-{E}_{{\varPsi }_{0}}}\right\},$$
 (1) 
where \(\widehat{S}\) is the Schiff operator, \({E}_{{\bar{\varPsi }}_{0}}\) is the energy of state \({\bar{\varPsi }}_{0}\) and \({\widehat{V}}_{{\rm{P,T}}}\) is the CP-violating nuclear potential that precision experiments aim to elucidate. Slab can also be expressed parametrically in terms of the CP-odd coupling constants within \({\widehat{V}}_{{\rm{P,T}}}\) as
$${S}_{{\rm{lab}}}={a}_{0}g{\bar{{g}}}_{0}+{a}_{1}g{\bar{{g}}}_{1}+{a}_{2}g{\bar{{g}}}_{2}+{b}_{1}{\bar{c}}_{1}+{b}_{2}{\bar{c}}_{2},$$
 (2) 
where g is the QCD pion–nucleon coupling constant, \({\bar{{g}}}_{i}\) are unknown isoscalar, isovector and isotensor CP-odd pion–nucleon coupling constants, \({\bar{c}}_{i}\) are unknown CP-odd zero-range heavy-meson-exchange coupling constants, and ai, bi are sensitivity coefficients. The constants \({\bar{{g}}}_{i}\) and \({\bar{c}}_{i}\) are sought to be extracted from precision experiments, whereas the sensitivity coefficients ai, bi need to be determined from nuclear-structure calculations.
In 227Ac, the energy difference \({E}_{{\bar{\varPsi }}_{0}}-{E}_{{\varPsi }_{0}}\) between the \({{\rm{I}}}^{{\rm{\pi }}}=\frac{{3}^{-}}{2}\) ground state Ψ0 and the lowest-lying \({{\rm{I}}}^{{\rm{\pi }}}=\frac{{3}^{+}}{2}\) partner state \({\bar{\varPsi }}_{0}\) is only 27.369 keV (ref. 39). Table 1 shows the Slab sensitivity coefficients in 227Ac as determined from the NDFT calculation, and Fig. 3b compares the sensitivity coefficients in 227Ac with those in 221,223Rn, 223Fr, 225Ra and 229Pa (ref. 10). Evidently, the Schiff moment in 227Ac is significantly more sensitive to all CP-odd interactions than the other nuclei, including 225Ra, which is currently under experimental investigation using ultracold atoms13. Inversely, for a given magnitude of \({\bar{{g}}}_{i}\) and \({\bar{c}}_{i}\), the laboratory Schiff moment of 227Ac will be larger than for the other nuclides, which makes actinium molecules that are sensitive to Slab(227Ac) highly promising probes for the first measurement of a nuclear CP-odd property.
Table 1 Sensitivity coefficients (in units of e fm3) of the laboratory Schiff moment of 227Ac to the isoscalar (a0), isovector (a1) and isotensor (a2) CP-odd pion–nucleon coupling constants and CP-odd heavy-meson-exchange coupling constants (b1, b2), calculated with NDFT in this work
The Slab moment can also be expressed in terms of the QCD \(\bar{\theta }\) phase, based on the relationships \(g{\bar{{g}}}_{0}=0.21\bar{\theta }\) and \(g{\bar{{g}}}_{1}=-\,0.046\bar{\theta }\) (refs. 14,40,41,42). Combined with the nuclear sensitivity coefficients a0, a1 and the molecular sensitivity to the Schiff moment \({W}_{{\mathcal{S}}}\), the expected molecular energy shift in the laboratory owing to the nuclear Schiff moment can be estimated as a function of \(\bar{\theta }\). Figure 3d compares the expected energy shift in 227AcF, 229ThO, 225RaF and 205TlF. Evidently, although \({W}_{{\mathcal{S}}}\) is of moderate magnitude in AcF compared with other molecules (Fig. 3a), a precision experiment using 227AcF would have the highest sensitivity to \(\bar{\theta }\) across the considered species. Specifically, an experiment using 227AcF with an uncertainty of 0.1 mHz, as achieved in 1989 using 205TlF (ref. 43), would place a more stringent limit on \(\bar{\theta }\), which is currently set at \(\bar{\theta } < 1.5\times 1{0}^{-10}\) via the 199Hg EDM11. It must be noted that as no calculations have been reported on the relationship between \(\bar{\theta }\) and \(g{\bar{{g}}}_{2}\), and \({\bar{c}}_{1}\) and \({\bar{c}}_{2}\), their contribution to the results shown in Fig. 3d are set to zero.
The computed Slab sensitivity coefficients a0, a1 for 227Ac can be combined with a rough order-of-magnitude estimate for the volume interaction Rvol with the short-range contribution to the proton EDM as \({R}_{{\rm{vol}}}\approx \frac{3{(\mathrm{1.2\; fm})}^{2}{A}^{2/3}}{50}\) (where \({A}\) is the mass number) following ref. 44, and the electronic-structure calculations of \({W}_{{\mathcal{S}}}\), Wm, WT, Wp, Wd and Wsps for AcF. The expected impact that an experiment with 227AcF would have on the constraints of different CP-violating parameters can then be extracted from a global analysis35,36 that incorporates previously reported EDM experiments using 129Xe, 171Yb, 133Cs, 199Hg, 205Tl, 225Ra, 174YbF, 180HfF+, 205TlF, 207PbO and 232ThO. A global analysis of CP violation was performed in this work as per ref. 36, assuming two separate experiments with 227AcF with respective precision of 1 mHz and 0.1 mHz.
The unconstrained level of CP violation is expressed as a region enclosed by experimental limits within a multi-dimensional hyperspace, whose dimensions correspond to the experimentally measurable CP-odd properties. Here, a seven-dimensional hyperspace is considered, formed by the tensor-pseudoscalar kT, scalar-pseudoscalar ksps and pseudoscalar-scalar kp nucleon–electron current interaction coupling constants, the electron EDM de, the short-range nucleon EDM \({d}_{{\rm{p}}}^{{\rm{sr}}}\), and the isoscalar \({\bar{{g}}}_{0}\) and isovector \({\bar{{g}}}_{1}\) pion–nucleon interaction coupling constants. This results in the following effective Hamiltonian for each atom and molecule in the global analysis, including 227AcF
$$\begin{array}{l}{H}^{P,T}=\varOmega [{W}_{{\rm{d}}}{d}_{{\rm{e}}}+{W}_{{\rm{sps}}}{k}_{{\rm{sps}}}]\\ \,\,\,+\,\varTheta {W}_{{\mathcal{M}}}[{{\mathcal{M}}}_{{\rm{EDM}}}{d}_{{\rm{p}}}^{{\rm{sr}}}+g{a}_{{\mathcal{M}},0}{\bar{{g}}}_{0}+g{a}_{{\mathcal{M}},1}{\bar{{g}}}_{1}]\\ \,\,\,+\,{\mathcal{I}}\,[{W}_{{\rm{T}}}{k}_{{\rm{T}}}+{W}_{{\rm{p}}}{k}_{{\rm{p}}}+{W}_{{\rm{sps}}}^{{\rm{m}}}\gamma {k}_{{\rm{sps}}}+{W}_{{\mathcal{S}}}(g{a}_{0}{\bar{{g}}}_{0}+g{a}_{1}{\bar{{g}}}_{1})\\ \,\,\,+\,{W}_{{\rm{d}}}^{{\rm{m}}}\gamma {d}_{{\rm{e}}}+{W}_{{\rm{m}}}{\eta }_{{\rm{p}}}{d}_{{\rm{p}}}^{{\rm{sr}}}+{W}_{{\mathcal{S}}}{R}_{{\rm{vol}}}{d}_{{\rm{p}}}^{{\rm{sr}}}],\end{array}$$
 (3) 
where Ω and \({\mathcal{I}}\) are the projections of the total electronic Je and nuclear angular momentum I on the molecular axis, Θ is the projection of the product of Je with the second-order tensor of \({\mathcal{I}}\) on the molecular axis, \({W}_{{\mathcal{M}}}\) is the electronic-structure constant for the interaction with a nuclear magnetic quadrupole moment (NMQM), \({{\mathcal{M}}}_{{\rm{EDM}}}\) and \({a}_{{\mathcal{M}},0}\) and \({a}_{{\mathcal{M}},1}\) are nuclear-structure constants for different contributions to the NMQM, \({\eta }_{{\rm{p}}}=\frac{{\mu }_{{\rm{N}}}}{A}+\frac{\mu }{Z}\) with \({Z}\) being the atomic number and \(\mu \) the nuclear magnetic dipole moment, and γ is the nuclear gyromagnetic ratio γ = μ/I. For 227AcF, Ω = Θ = 0, ηp = 0.01811 μN and γ = 0.8133 μN. The CP-violation parameters, electronic-structure coefficients Wi and nuclear-structure coefficients are defined as in ref. 36.
In Fig. 4, selected two-dimensional subspaces of the seven-dimensional hyperspace are presented, in which 227AcF would have a determining role, for the two assumed values of 227AcF precision δf at 1 mHz and 0.1 mHz. Plots of all two-dimensional subspaces are provided in Supplementary Information. It is found that a precision experiment with 227AcF would reduce the volume of the seven-dimensional coverage region by a factor of 6 × 103 for δf = 1 mHz, and by 6 × 104 for δf = 0.1 mHz. This can be understood as a result of the complementarity between an experiment with 227AcF and existing results using other closed-shell systems, such as 199Hg, which can be seen in Fig. 4, and the high sensitivity of the 227Ac nucleus to CP violation.
Fig. 4: Cuts of selected two-dimensional subspaces of the full seven-dimensional CP-odd parameter space for different values of experimental precision of a proposed 227AcF experiment.

Top: 0.1 mHz. Bottom: 1 mHz. The electronic sensitivity factors for 227AcF used in the analysis, computed at the level of ZORA-cGKS-BHandH, are shown in Extended Data Table 2, the calculated nuclear-structure parameters are given in Table 1, and for the volume interaction with the short-range contribution to the proton EDM we use Rvol ≈ 3.22 fm2, as discussed in the text. A theoretical uncertainty of 20% is considered, and the molecular sensitivity factors to all CP-odd properties in the hyperspace are conservatively scaled by a factor of 0.8. The impact of a proposed 227AcF experiment is shown in a global analysis including existing experiments using 129Xe (refs. 50,51), 171Yb (ref. 52), 133Cs (ref. 53), 199Hg (ref. 11), 205Tl (ref. 54), 225Ra (refs. 13,55), 174YbF (refs. 48,56), 180HfF+ (ref. 57), 205TlF (ref. 58), 207PbO (ref. 59) and 232ThO (ref. 60), using the experimental data given in the respective references within the global analysis. All electronic-structure parameters for these experiments are taken from ref. 36 and were combined, where available, with nuclear-structure data from ref. 1. In other cases, rough estimates of nuclear-structure parameters from ref. 36 were used. The seven-dimensional ellipsoid is computed at the 95% confidence level. The grey regions mark the two-dimensional slices of the ellipsoid within each two-dimensional subspace.
Source data
The precision assumed for the 227AcF experiment in the global analysis can be realistically achieved with the demonstrated production rates of 227AcF at CERN-ISOLDE in this work and conservative estimates for a precision set-up. The statistical uncertainty of a spin-precession frequency measurement using Ramsey interferometry at the shot-noise limit is12
$${\rm{\delta }}f=\frac{1}{2{\rm{\pi }}\tau C\sqrt{N}}b,$$
 (4) 
where τ is the time the 227AcF beam would take to travel across the interaction region, C is the contrast of the interference fringes, N is the total number of molecules detected across the experimental campaign, and \(b=\sqrt{2}\) is a conservative factor that accounts for excess noise in partially closed optical transitions24, such as the 387-nm transition reported here27. For an experiment with a dedicated set-up using 227AcF beams at a kinetic energy of 0.1 keV, an interaction region of 1 m, a fringe contrast of 0.55, the demonstrated 227AcF production rate of 6 × 107 ions per second and a combined efficiency of 2.5% in cooling to the rovibronic ground state, charge exchange, quantum state control and detection, an uncertainty of δf = 1 mHz would be achieved in 100 days worth of measurements. An uncertainty of δf = 0.1 mHz could be achieved in the same number of measurement days via a 100-fold increase of the production rate, a 100-fold decrease of the kinetic energy, or a combination of such improvements accompanied by improvements in efficiency and fringe contrast. As a molecule homoelectronic to TlF, a similar response to external electric and magnetic fields12 can be considered for AcF. Therefore, the necessary degree of polarization and the control of stray magnetic fields to limit systematic errors below 1 mHz are achievable with existing technology.
To conclude, the results of this work allow assessment of the potential of 227AcF for searches of CP violation. A spectroscopic study of AcF is demonstrated, revealing an electronic transition at 387 nm, identified to be the strongest transition from the ground state. Rotationally resolved laser spectroscopy of this transition in the future will be a stepping stone for designing dedicated experiments to search for the nuclear Schiff moment of 227Ac.
Owing to the radioactivity of 227Ac, 227AcF beams produced at radioactive ion beam facilities may be envisioned for both further spectroscopy and future precision experiments. Developments are needed for new high-precision experimental techniques using beams directly produced at radioactive ion beam facilities. Gas-jet techniques that have been developed for the study of radioactive atoms, such as in-gas-jet laser ionization spectroscopy45,46,47, may be adapted for a precision experiment using 227AcF, as the gas-jet approach was used in the past to set a limit to the electron EDM using 174YbF (ref. 48) and the Schiff moment of 205Tl with 205TlF (ref. 43). The low rotational temperature of molecules produced with this approach would probably be key for improving the signal-to-noise ratio in the spectra compared with this work, and therefore it would also be suited for spectroscopy of excited electronic states. Importantly, further spectroscopic studies on AcF represent essential developments needed to expand current techniques towards also studying other radioactive molecules with complex electronic structure, with impact on fundamental, nuclear and chemical physics4.
Methods
Experiment
Production
The ionization potential of AcF was predicted to lie above the threshold for efficient ionization by contact with a hot surface. In addition, without knowledge of its electronic structure, resonance laser ionization could not be used to produce ion beams of AcF+. The forced-electron-beam-induced arc-discharge (FEBIAD)-type ion source was chosen and operating parameters were identified for the production of AcF+. The UCx target in the FEBIAD-type ion-source unit was irradiated for 114.4 hours (4.77 days) before the start of the experiment, receiving 1.7 × 1018 protons, or a total of 73.774 μAh. During irradiation, the target unit was kept under vacuum (about 1 × 10−6 mbar) and the target container was resistively heated to slightly above room temperature to prevent condensation during irradiation. At the start of the experiment, the tantalum cathode of the ion source was resistively heated to 1,950 °C to facilitate electron emission. An anode voltage of 100 V was applied to the anode grid to accelerate the electrons and induce ionization within the anode volume, which was also maintained at 100 V with a magnetic-confinement field induced by applying a current of 2.8 A to the ion-source electromagnet. A bias voltage of 40 kV was applied to the target and ion-source unit, such that the ion beam was extracted to the ground potential of the beamline with an energy of 40.1 keV.
The target temperature was increased from about 1,300 °C at the start of the experiment up to 2,000 °C by heating in steps on the order of 10 A to maintain a continuous supply of AcF+. A mix of 10% CF4 and 90% Ar gas was added to the target via a leak of 1.5 × 10−4 mbar l s−1 calibrated for He, injecting 0.065 nmol s−1 of CF4 for the formation of fluoride molecules.
An extensive beam purity investigation was performed using α-decay spectroscopy of implanted ions and multi-reflection time-of-flight mass spectrometry using the ISOLTRAP apparatus23,49. The main expected isobaric contaminant, 227Ra19F+, was eliminated owing to the asynchronous proton irradiation and nuclide extraction, taking advantage of the drastically longer half-life of 227Ac (21.8 years) compared with 227Ra (42 minutes). The time-of-flight spectra in Fig. 1g and Supplementary Fig. 3 show that the ion beam delivered for study was purely composed of 227Ac19F+, with no identifiable contaminants above background.
Collinear resonance ionization spectroscopy
At CRIS, the molecular beam was temporally and spatially overlapped in a collinear geometry with pulsed lasers that step-wise excited the molecular electron to ionization. At the end of the laser–molecule interaction region, the ionized molecules were deflected from the path of the residual neutral beam onto a single-ion detector. The excitation spectra were produced by monitoring the ion count rate on the detector as a function of the laser excitation wavenumbers.
Prior ab initio calculations of the excitation energies in AcF (ref. 27) predicted the (8)1Π state to lie at 26,166(450) cm−1 above X1Σ+. The 1σ error of ±450 cm−1 required a scanning range of 1,800 cm−1 to have 95% probability of discovering the predicted transition. Such a wide range is challenging for continuous scanning of light produced from a single-pass β-barium borate SHG crystal, as the SHG crystal angle requires active stabilization to ensure optimal frequency doubling for all fundamental wavenumbers, while small deviations from the optimal crystal angle also lead to the doubled light exiting the crystal at an angle. The latter issue is exacerbated by the distance between the laser table and the beamline, exceeding 15 m, which means that small exit angles from the SHG crystal lead to the laser light not entering the CRIS beamline.
To compensate for both issues, an active crystal-angle stabilization system was constructed using a ThorLabs PIAK10 piezoelectric inertia actuator, controlled with a proportional-integral-derivative loop reading a fraction of the SHG power output with the help of a beam sampler. To ensure that the second-harmonic light always followed the optimal trajectory for interaction with the molecules in the CRIS interaction region, a commercial active laser-beam stabilization system from MRC Systems was also installed, as shown in Fig. 1. This extended the continuous scanning range from 5 cm−1 without stabilization to about 1,450 cm−1.
The observed excitation wavenumber for (8)1Π ← X1Σ+ was determined by simultaneously monitoring the laser wavenumber and the ion acceleration voltage, defining the kinetic energy of the beam. The wavenumber of the fundamental Ti:Sa laser was monitored with a four-channel HighFinesse WSU-2 wavemeter and the acceleration voltage of the 227AcF+ ions delivered by CERN-ISOLDE was monitored with a 7.5-digit digital multimeter (Keithley DMM7510) with a precision of 100 mV. To trace long-term drifts of the wavemeter, a grating-stabilized diode laser (TOPTICA dlpro) locked to a hyperfine transition in a Rb vapour cell (TEM CoSy) was also continuously monitored by the wavemeter. The small difference in wavelength between the Rb line (about 780 nm) and the fundamental wavelength of the Ti:Sa in this work (about 774 nm) provided confidence that the drift correction is valid in the fundamental wavelength region where the (8)1Π ← X1Σ+ transition was discovered.
The arc-discharge ion source was chosen to ionize AcF because the molecule’s ionization potential (calculated at 6.06(2) eV (ref. 27)) exceeds the work function of rhenium, tantalum and tungsten that are used for high-temperature surface ionization. Ionization by electron bombardment was expected to lead to rotationally hot molecules that may lead to prohibitively low spectroscopic efficiency. To measure the rotational temperature of the beam, the fundamental harmonic of the Ti:Sa laser at 752 nm (in the molecular rest frame) was used in conjunction with the 355-nm non-resonant ionization step to perform spectroscopy of the A2Π1/2 ← X2Σ1/2 transition in 226RaF. Using the molecular constants extracted from the rotationally resolved spectroscopy of the molecule61, the rotational temperature was fitted to extract Trot = 1,200(80) K. In absence of any prior information of the AcF spectra, this temperature was used in the spectroscopic analysis.
Relativistic coupled cluster calculations
The relativistic coupled cluster calculations of the sensitivity \({W}_{{\mathcal{S}}}\) of AcF to the nuclear Schiff moment of Ac were carried out using the development version of the DIRAC program62, which allows the use of relativistic methods within the four-component Dirac–Coulomb Hamiltonian. The single-reference coupled cluster approach with single, double and perturbative triple excitations (CCSD(T)) was used within the finite-field approach, following the implementation presented in ref. 63.
Throughout this study, we used the relativistic Dyall basis sets64,65 of different quality for the actinium and fluorine atoms; for the \({W}_{{\mathcal{S}}}\) calculations, the basis sets for actinium were also manually optimized following the recommendation of ref. 63 and are described in Supplementary Information.
The calculations were carried out at the equilibrium bond distance (Re = 3.974 a0) obtained via structure optimization carried out at the DC-CCSD(T) level, correlating 50 electrons with active space from −20 Eh to 50 Eh (corresponding to 4f, 5s, 5p, 5d, 6s, 6p, 7s for Ac and 2s, 2p for F) in units of Hartree energy. The Re optimization was performed using the s-aug-dyall.cvnz (n = 2, 3, 4) basis sets and the results were extrapolated to the complete basis set limit (CBSL). For basis set extrapolation, we used the scheme of ref. 66 (H-CBSL).
An extensive computational study was carried out to evaluate the effect of different parameters on the obtained value of the \({W}_{{\mathcal{S}}}\) factor and to evaluate the final uncertainty, following procedures used in the past for various atomic and molecular properties67,68,69,70,71. The four main sources of uncertainty in these calculations are the incompleteness of the employed basis set, the approximations in the treatment of electron correlation, the missing relativistic effects and the uncertainty in the equilibrium geometry. As we are considering high-order effects, these error sources are assumed to be largely independent, and hence they are treated separately. We consider contributions from the electron–electron Breit interaction and QED effects as the leading missing relativistic contributions. We estimated their order of magnitude by computing the uncorrelated Gaunt term, which can be used to gauge the size of these corrections. Supplementary Information provides details of the computational study and the uncertainty evaluation. Our conservative uncertainty estimate is 7.0%, dominated by the uncertainty in the calculated equilibrium geometry. The final recommended value of \({W}_{{\mathcal{S}}}\) is \(-\mathrm{7,748}\pm 545\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\).
2c-ZORA-cGHF calculations
On the level of two-component complex generalized Hartree–Fock (cGHF) and two-component complex generalized Kohn–Sham (cGKS) employing the hybrid LDA functional, which includes 50% Fock exchange, proposed by Becke (BHandH)72, quasirelativistic effects are incorporated within the zeroth-order-regular-approximation (ZORA) framework73,74. As suggested by ref. 75, a normalized spherical Gaussian nuclear charge density distribution is used for the isotopes 227Ac and 19F. The gauge dependence of the ZORA framework is alleviated by a model potential as suggested by ref. 76 with additional damping of the atomic Coulomb contribution to the model potential77.
The wavefunction was obtained self-consistently with convergence achieved when the change in energy between two self-consistent field cycles was less than 10−9 Eh and the relative change in the spin–orbit-coupling energy contribution was lower than 10−13%. Energy optimizations of the bond lengths were performed up to a change in the Cartesian gradient of 10−5 Eh/a0. Excited electronic states were obtained self-consistently, using the maximum overlap method (MOM)78, where the occupation numbers were chosen according to the determinant’s overlap with the previous self-consistent field cycle or the initial guess (IMOM79). At the Ac centre, Dyall’s core-valence triple-ζ basis set with mono-augmentation was used with added s and p functions in an even-tempered manner up to an exponent of 6 × 109 and a multiplicator of 3 (Supplementary Information). At the fluorine centre, Dyall’s core-valence triple-ζ basis set was used without additional modifications. All basis sets were employed without contrations.
A characterization of the ground state of AcF and three exemplary excited states, which have not been experimentally observed so far, are shown in Extended Data Table 1.
Utilizing the toolbox approach described in ref. 34, the parity- or time-odd (P,T-odd) properties of the electronic states were obtained as expectation values and from a linear-response ansatz80,81, respectively, the latter for Wd and Wsps (labelled \({W}_{{\rm{d}}}^{{\rm{m}}}\) and \({W}_{{\rm{sps}}}^{{\rm{m}}}\)). A complete list of the equations for each property is given in Table 6 of ref. 36.
In Extended Data Table 2, P,T-odd properties computed with this method are shown for the states presented in Extended Data Table 1 and compared with the 3Δ1 states in HfF+, ThO and ThF+, and the 1Σ+ states in RaOCH3+ and TlF.
Vibrational corrections were estimated by solving the vibrational Schrödinger equation within a discrete variable representation on a one-dimensional grid82 ranging from 3.18 a0 to 4.77 a0, divided into 1,000 equidistant points. The properties were interpolated as a sixth-order polynomial function of the bond length, and effects were estimated as described in the supplementary material of ref. 83. The change in the properties as a function of the bond length was computed and is shown in Supplementary Fig. 4a.
The enhancement factor \({W}_{{\mathcal{S}}}\) for the nuclear Schiff moment with 2c-ZORA-cGHF evaluates to \({W}_{{\mathcal{S}}}=-\mathrm{8,400}\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\), whereas further treatment of electron correlation at the level 2c-ZORA-cGKS with the BHandH functional leads to \({W}_{{\mathcal{S}}}=-\,\mathrm{8,700}\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\), which is close to the results from CCSD(T). The 2c-ZORA values were obtained after minimization of the energy with respect to the bond length (Re = 4.05a0 compared with CCSD(T) computations Re = 3.97 a0 from this work), suggesting that electron correlation is of importance for the bond length and hence the rotational constant, and, thus, indirectly, also for the sensitivity to CP-odd properties in the ground state of AcF.
When comparing the molecular sensitivity \({W}_{{\mathcal{S}}}\) to the nuclear Schiff moment in AcF with that in other closed-shell systems, such as RaOCH3+ and TlF (Supplementary Fig. 4b), a Z2 scaling is expected84, but a reduced enhancement is computed for AcF. Contributions from the individual spinors to \({W}_{{\mathcal{S}}}\) show that the bonding spinors—that is, the highest occupied molecular orbital (HOMO)—contribute with sign opposite to the other spinors but with a similar magnitude. In the case of the ground state computed on the level of 2c-cGHF, the HOMO contributes with \(\mathrm{29,067}\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\) and the remaining orbitals sum up to \(-\mathrm{37,481}\,e/4{\rm{\pi }}{{\epsilon }}_{0}{a}_{0}^{4}\). For excited electronic states, the HOMO contributes to \({W}_{{\mathcal{S}}}\) with the same sign but lower magnitude, resulting in a larger value of \({W}_{{\mathcal{S}}}\) (see discussion in the main text and Fig. 2b of the supplementary material in ref. 85; also discussion in ref. 33). The suitability of these states for precision experiments depends on their radiative lifetime, among other factors, and thus a discussion is pending experimental observation.
NDFT calculations
The NDFT calculations were performed using the HFODD program86. The laboratory Schiff moment, Slab, can be calculated using second-order perturbation theory as
$${S}_{{\rm{lab}}}\approx \sum _{k\ne 0}\frac{\langle {\varPsi }_{0}| {\widehat{S}}_{0}| {\varPsi }_{k}\rangle \langle {\varPsi }_{k}| {\widehat{V}}_{{\rm{P,T}}}| {\varPsi }_{0}\rangle }{{E}_{0}-{E}_{k}}+\,{\rm{c.c.,}}$$
 (5) 
where \({\widehat{S}}_{0}\) is the Schiff operator and \({\widehat{V}}_{{\rm{P,T}}}\) stands for the P,T-violating potential. The index k refers to the excited states with the same angular momentum quantum numbers as the ground state \(| {\varPsi }_{0}\rangle \) but opposite parity. To leading order, the Schiff operator \({\widehat{S}}_{0}\) is defined as
$${\widehat{S}}_{0}=\frac{e}{10}\sqrt{\frac{4{\rm{\pi }}}{3}}\sum _{{\rm{p}}}\left({r}_{{\rm{p}}}^{3}-\frac{5}{3}\overline{{r}_{\,\text{ch}\,}^{2}}{r}_{{\rm{p}}}\right){Y}_{10}({\varOmega }_{{\rm{p}}}),$$
 (6) 
where the sum ranges over all protons (index p), Y10(Ω) is the spherical harmonics Yℓm(Ω) with ℓ  1, m = 0, and \(\overline{{r}_{\,{\rm{ch}}}^{2}}\) is the mean-squared charge radius. In the coordinate representation, \({\widehat{V}}_{{\rm{P,T}}}\) takes the form8,9,87
$$\begin{array}{l}{\widehat{V}}_{{\rm{P,T}}}({{\bf{r}}}_{1}-{{\bf{r}}}_{2})\\ =\; -\frac{g{m}_{{\rm{\pi }}}^{2}}{8{\rm{\pi }}{m}_{N}}\left\{({{\boldsymbol{\sigma }}}_{1}-{{\boldsymbol{\sigma }}}_{2})\cdot ({{\bf{r}}}_{1}-{{\bf{r}}}_{2})\left[{\bar{{g}}}_{0}{\overrightarrow{\tau }}_{1}\cdot {\overrightarrow{\tau }}_{2}-\frac{{\bar{{g}}}_{1}}{2}({\tau }_{1z}+{\tau }_{2z})+{\bar{{g}}}_{2}(3{\tau }_{1z}{\tau }_{2z}-{\overrightarrow{\tau }}_{1}\cdot {\overrightarrow{\tau }}_{2})\right]\right.\\ \,-\left.\frac{{\bar{{g}}}_{1}}{2}({{\boldsymbol{\sigma }}}_{1}+{{\boldsymbol{\sigma }}}_{2})\cdot ({{\bf{r}}}_{1}-{{\bf{r}}}_{2})({\tau }_{1z}-{\tau }_{2z})\right\}\frac{\exp (-{m}_{{\rm{\pi }}}| {{\bf{r}}}_{1}-{{\bf{r}}}_{2}| )}{{m}_{{\rm{\pi }}}| {{\bf{r}}}_{1}-{{\bf{r}}}_{2}{| }^{2}}\left[1+\frac{1}{{m}_{{\rm{\pi }}}| {{\bf{r}}}_{1}-{{\bf{r}}}_{2}| }\right]\\ \,+\frac{1}{2{m}_{N}^{3}}[{\bar{c}}_{1}+{\bar{c}}_{2}{\overrightarrow{\tau }}_{1}\cdot {\overrightarrow{\tau }}_{2}]({{\boldsymbol{\sigma }}}_{1}-{{\boldsymbol{\sigma }}}_{2})\cdot {\boldsymbol{\nabla }}{\delta }^{3}({{\bf{r}}}_{1}-{{\bf{r}}}_{2}),\end{array}$$
 (7) 
where isovector operators are denoted by arrows, τz is +1 (−1) for neutrons (protons), the pion mass is mπ = 0.7045 fm−1, the nucleon mass is mN = 4.7565 fm−1, and \({\bar{{g}}}_{0}\), \({\bar{{g}}}_{1}\) and \({\bar{{g}}}_{2}\) are the unknown isoscalar, isovector and isotensor CP-odd pion–nucleon coupling constants, respectively. The strong πNN coupling constant is denoted by g, and \({\bar{c}}_{1}\) and \({\bar{c}}_{2}\) are the coupling constants of a CP-odd short-range interaction.
The \({{\rm{I}}}^{{\rm{\pi }}}=\frac{{3}^{-}}{2}\) ground state \(| {\varPsi }_{0}\rangle \) of 227Ac has a \({{\rm{I}}}^{{\rm{\pi }}}=\frac{{3}^{+}}{2}\) partner state \(| {\bar{\varPsi }}_{0}\rangle \) at \(\Delta E\equiv {E}_{{\bar{\varPsi }}_{0}}-{E}_{{\varPsi }_{0}}=27.369\,{\rm{keV}}\) (ref. 39). Owing to the small energy difference ΔE and in the absence of other reported low-lying \(\frac{{3}^{+}}{2}\) states, equation (5) reduces to
$${S}_{{\rm{lab}}}\approx -\,2{\rm{Re}}\frac{\langle {\varPsi }_{0}| {\widehat{S}}_{0}| {\bar{\varPsi }}_{0}\rangle \langle {\bar{\varPsi }}_{0}| {\widehat{V}}_{{\rm{P,T}}}| {\varPsi }_{0}\rangle }{\Delta E}.$$
 (8) 
In octupole deformed nuclei, the NDFT calculation breaks parity and rotational symmetries, and the obtained nuclear wave function is the deformed quasiparticle vacuum, \(| {\varPhi }_{0}\rangle \), defined in the body-fixed frame of the nucleus. The intrinsic state, \(| {\varPhi }_{0}\rangle \), needs to be projected onto the laboratory states with well-defined angular momentum and parity. In the rigid deformation approximation, the matrix elements in the numerator of equation (8) read:
$$\langle {\varPsi }_{0}| {\widehat{S}}_{0}{| {\bar{\varPsi }}_{0}\rangle }_{{\rm{rigid}}}=\frac{J}{J+1}{S}_{{\rm{int}}},$$
 (9) 
$$\langle {\bar{\varPsi }}_{0}| {\widehat{V}}_{{\rm{P,T}}}{| {\varPsi }_{0}\rangle }_{{\rm{rigid}}}=\langle {\widehat{V}}_{{\rm{P,T}}}\rangle $$
 (10) 
where \(J=\frac{3}{2}\) for 227Ac, Sint is the intrinsic Schiff moment and \(\langle {\widehat{V}}_{{\rm{P,T}}}\rangle \) is the intrinsic expectation value of the operator \({\widehat{V}}_{{\rm{P,T}}}\). In terms of the coupling constants g, \({\bar{{g}}}_{i}\) and \({\bar{c}}_{i}\), the expectation value \(\langle {\widehat{V}}_{{\rm{P,T}}}\rangle \) can be rewritten as
$$\langle {\widehat{V}}_{{\rm{P,T}}}\rangle ={v}_{0}\,g{\bar{{g}}}_{0}+{v}_{1}\,g{\bar{{g}}}_{1}+{v}_{2}\,g{\bar{{g}}}_{2}+{w}_{1}{\bar{c}}_{1}+{w}_{2}{\bar{c}}_{2}.$$
 (11) 
The insertion of equations (9)–(11) into equation (8) leads to the expression of Slab as
$${S}_{{\rm{lab}}}={a}_{0}g{\bar{g}}_{0}+{a}_{1}g{\bar{g}}_{1}+{a}_{2}g{\bar{g}}_{2}+{b}_{1}{\bar{c}}_{1}+{b}_{2}{\bar{c}}_{2},$$
 (12) 
where
$${a}_{i}=-\frac{2J}{J+1}\frac{{S}_{{\rm{int}}}{v}_{i}}{\Delta E}\ \ \ \,{\rm{and}}\,\ \ \ {b}_{i}=-\frac{2J}{J+1}\frac{{S}_{{\rm{int}}}{w}_{i}}{\Delta E}$$
 (13) 
have units of e fm3.
As shown in ref. 10, there is a strong correlation between the intrinsic Schiff moment Sint in one odd nucleus and the intrinsic matrix element of the octupole charge operator88
$${\widehat{Q}}_{30}=e\sum _{p}{r}_{{\rm{p}}}^{3}{Y}_{30}({\varOmega }_{{\rm{p}}})$$
 (14) 
in another even–even nucleus with close proton and neutron numbers. The correlation is visualized in Supplementary Fig. 5 using several Skyrme functionals within the Hartree–Fock–Bogoliubov method used in this work. For each functional, the neutron and proton pairing strengths were adjusted to reproduce the experimental pairing gaps of 229Th and 227Ac, respectively. The strong correlation between these two observables were used in a scheme to determine the intrinsic Schiff moment of a nucleus without relying on the results obtained with a specific functional. Using a variety of functionals, the intrinsic Schiff moment of 227Ac and the intrinsic electric octupole moment of 226Ra were calculated, and linear regression analysis was performed to determine the relationship between the two correlated observables. The resulting regression line was then used along with the measured value of the electric octupole moment of 226Ra, yielding the value of the intrinsic nuclear Schiff moment of 227Ac reported in this work. Details on the procedure and uncertainty estimation are given in Supplementary Information.
Global analysis
The measurement model of ref. 36 was expanded to explicitly contain two different pion–nucleon coupling constants \({\bar{{g}}}_{0}\), \({\bar{{g}}}_{1}\) and the assumption \({d}_{{\rm{p}}}^{{\rm{sr}}}=-\,{d}_{{\rm{n}}}^{{\rm{sr}}}\), where the suggestions of ref. 37 are followed.
In the Hamiltonian in equation (3), seven fundamental P,T-odd parameters contribute to the total atomic or molecular EDM. Considering experiments using 129Xe (refs. 50,51), 171Yb (ref. 52), 133Cs (ref. 53), 199Hg (ref. 11), 205Tl (ref. 54), 225Ra (refs. 13,55), 174YbF (refs. 48,56), 180HfF+ (ref. 57), 205TlF (ref. 58), 207PbO (ref. 59), 232ThO (ref. 60) and 227AcF, this results in a 12 × 7 matrix W, where the element in row i and column j corresponds to the Hamiltonian term in equation (3) for atom/molecule i and P,T-odd constant j. Electronic-structure coefficients for all atoms and molecules except AcF were taken from ref. 36 and nuclear-structure coefficients were taken from ref. 1, where available. Otherwise nuclear-structure estimates reported in ref. 36 were used. Combined with the vector of the P,T-odd constants \({{\bf{x}}}_{{\rm{PT}}}^{{\rm{T}}}=[{k}_{{\rm{T}}},{k}_{{\rm{p}}},{k}_{{\rm{sps}}},{\bar{{g}}}_{0},{\bar{{g}}}_{1},{d}_{{\rm{e}}},{d}_{{\rm{p}}}^{{\rm{sr}}}]\) and the vector of the experimental frequency shifts \({{\bf{f}}}^{{\rm{T}}}=[\delta {f}_{1},\ldots \delta {f}_{7}]\), the model is a system of linear equations of the form
$$h{\bf{f}}={\bf{W}}{{\bf{x}}}_{{\rm{PT}}}.$$
 (15) 
Following ref. 36, the restrictive power of a set of experiments can be determined by the volume enclosed by an ellipsoid in the seven-dimensional parameter hyperspace for a given confidence level. The global constraints on individual parameters are given by the extrema of the ellipsoid and are provided in Extended Data Table 3. It should be noted that a precision better than 1 mHz in the proposed 227AcF experiment would not further improve global constraints on individual parameters, as these are limited by the experiments with the largest uncertainties (see also ref. 37 for a discussion).
Data availability
The experimental and computational results shown in the figures of this work are included in the source data file available online with this article. Source data for the plots are provided with this paper. Raw measurement data can be provided upon request to the corresponding authors.
Code availability
The code used for the analysis can be provided upon request to the corresponding authors. The codes used to carry out electronic- and nuclear-structure calculations are publicly available and cited in the text; input files can be made available upon request to the corresponding authors. The code used to carry out the global analysis can be made available upon request to the corresponding authors.
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Abstract
Phosphorus atoms in silicon represent a promising platform for quantum computing, as their nuclear spins exhibit coherence times over seconds1,2 with high-fidelity readout and single-qubit control3. By placing several phosphorus atoms within a radius of a few nanometres, they couple by means of the hyperfine interaction to a single, shared electron. Such a nuclear spin register enables high-fidelity multi-qubit control4 and the execution of small-scale quantum algorithms5. An important requirement for scaling up is the ability to extend high-fidelity entanglement non-locally across several spin registers. Here we address this challenge with an 11-qubit atom processor composed of two multi-nuclear spin registers that are linked by means of electron exchange interaction. Through the advancement of calibration and control protocols, we achieve single-qubit and multi-qubit gates with all fidelities ranging from 99.10% to 99.99%. By entangling all combinations of local and non-local nuclear-spin pairs, we map out the performance of the processor and achieve state-of-the-art Bell-state fidelities of up to 99.5%. We then generate Greenberger–Horne–Zeilinger (GHZ) states with an increasing number of qubits and show entanglement of up to eight nuclear spins. By establishing high-fidelity operation across interconnected nuclear spin registers, we realize a key milestone towards fault-tolerant quantum computation with atom processors.
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The predominant material in modern classical computers, silicon, is also a strong contender for the practical implementation of quantum processors3,6,7,8. To unlock the promised computational benefits of quantum computing, the qubit count needs to scale while maintaining high operation fidelity and connectivity. In terms of qubit numbers, the lead is at present held by superconducting9,10, ion-trap11 and neutral-atom12 processors, which approach hundreds of interconnected qubits. Further scale-up faces platform-specific challenges related to manufacturing, control-systems miniaturization and materials engineering. In this context, silicon quantum processors are emerging as a promising platform owing to their small footprint and materials compatibility with industrial manufacturing8,13,14.
In semiconductor devices, the number of individual qubits is increasing, with gate-defined arrays hosting up to 16 quantum dots14,15. So far, however, no more than four interconnected spin qubits were used in the execution of quantum circuits owing to challenges associated with multi-qubit control16,17,18,19. In this context, quantum computing with precision-placed phosphorus atoms in silicon, which we refer to as the 14|15 platform (according to the respective positions in the periodic table), is attracting growing interest driven by industry-leading physical-level metrics3 with exceptional, second-long coherence times2,20. The 14|15 platform uses precision manufacturing21 to place individual phosphorus atoms in close proximity (≲3 nm) to each other, in which a single loaded electron exhibits a hyperfine interaction with several nuclei. Such spin registers provide a unique set of advantages: the shared electron naturally acts as an ancilla qubit enabling quantum non-demolition (QND) readout of the nuclear spins and native multi-qubit (Toffoli) gates4,5. Combined with recent advances in silicon purification with sub-200 ppm of 29Si (ref. 22), these features enabled nuclear–nuclear CZ operations with fidelities exceeding 99% and the execution of three-qubit algorithms on a single multi-spin register5.
To enable the scaling of the 14|15 platform, it is essential to develop fast interconnects between quantum processing nodes without compromising performance23. The coupling of spin qubits is achievable by various mechanisms, such as dipolar interaction24 or spin–photon conversion in superconducting cavities25. The fastest coupling mechanism is provided by exchange interaction, as demonstrated with a 0.8-ns \(\sqrt{{\rm{SWAP}}}\) gate between atomic qubits in natural silicon26. Exchange gates on electron spins have also been implemented with gate-defined quantum dots in isotopically pure silicon with fidelities greater than 99% (refs. 27,28,29,30). Successful implementation of exchange gates in atom qubits have already been achieved in purified silicon-28 (ref. 31), yet the limited two-qubit gate fidelity challenges the applicability of quantum-error-correction protocols32,33.
Here we report a precision-placed 11-qubit atom processor in isotopically purified silicon-28 that runs on a fast and efficient exchange-based link. Compared with the previous atom-based implementations with nuclear spin qubits4,5,22, we triple the number of coupled data qubits while maintaining the performance of single-qubit and two-qubit gates well above 99% fidelity. This achievement is enabled by systematic investigations of qubit stability, contextual errors and crosstalk, which informed the development of scalable calibration and control protocols. After outlining the basic set-up of the 11-qubit atom processor, we report the key metrics of single-qubit and two-qubit gates, assess pairwise entanglement for all combinations of nuclear spins and benchmark all-to-all connectivity through multi-qubit entanglement.
The connectivity of the nuclei and electrons both within each register and across registers is central to the operation of the 11-qubit atom processor (Fig. 1a). Each spin register contains nuclei (n1–n4 and n5–n9) that are hyperfine-coupled to a common electron (e1 and e2). Notably, these electrons are also exchange-coupled to each other, enabling non-local connectivity across the registers (Fig. 1b). The strength of electron exchange coupling J is tunable by the voltage detuning ε across in-plane control gates (Fig. 1c and Supplementary Information Section I). The Hamiltonian of the system is described in Supplementary Information Section II. Here we operate in a weak exchange-coupled regime with J ≈ 1.55 MHz (Fig. 1c). In this regime, the controlled rotations (CROT) on the electron are less susceptible to charge noise and not conditional on the nuclear spins in the other register26,34,35,36. We note that the CROT operation on the electron spin has the advantage of implementing a native multi-qubit Toffoli gate that is conditional on the nuclear spins.
Fig. 1: Single-qubit characteristics of the 11-qubit atom processor.

a, Connectivity of nuclear spins (n1–n9) and electron spins (e1 and e2) through hyperfine and exchange coupling with energies in MHz. b, Scanning tunnelling micrograph of the processor core after hydrogen lithography showing the 4P register hosting n1–n4 and e1 (square) and the 5P register hosting n5–n9 and e2 (pentagon). The distance 13(1) nm (centre to centre) between the nuclear spin registers is atomically engineered to enable exchange coupling26,54. Scale bar, 10 nm. c, Exchange-coupled ESR spectrum of e2 as a function of voltage detuning ε with indications on the resonance frequencies corresponding to CROT and zCROT. d, Rabi oscillations along one period TRabi for all spins of the processor. We measure the spin-up probability of the nucleus P⇑ (electron P↑) as a function of the coherent NMR (ESR) drive duration. e, Phase coherence times measured for each spin through Ramsey (open symbols) and Hahn-echo (filled symbols) measurements. f, 1Q-RB results for each qubit showing average physical gate fidelities. SET, single-electron transistor.
The initial calibration of the 11-qubit atom processor requires the characterization of 24 + 25 = 48 electron spin resonances (ESRs), which is doubled to 96 in the presence of electron exchange interaction. Analysing the stability of the ESR peaks (Supplementary Information Section III), we find that the frequencies within each register shift collectively. Accordingly, we can implement an efficient recalibration protocol that scales linearly with the number of coupled spin registers. By characterizing the ESR frequency for a single reference configuration of the nuclear spins, we infer the exact positions of all other ESR transitions of the register from the frequency offsets of the initial calibration. As a result, recalibrating all 96 ESR frequencies requires only two measurements, that is, one per register.
The state of the individual nuclear spins is controlled using nuclear magnetic resonance (NMR), similar to molecules in solution37 and nitrogen-vacancy centres in diamond38,39. The readout of an individual nuclear spin is performed through QND readout using the ancillary electron (Supplementary Information Section IV). For nuclear spin initialization, we combine this ESR-based approach with conditional NMR π pulses (Supplementary Information Section V). To maximize the fidelity of the initialized state, we perform QND readout of the nuclear spin configuration of each register before each experiment and apply post-selection on the desired nuclear spin configuration (Supplementary Information Section VI). For all experiments, unless stated otherwise, spectator qubits—that is, spins not actively involved in a given gate or quantum circuit—are initialized in the ⇓ state, and spin manipulations are performed conditional on these initialized states. The large contrast observed in Rabi oscillations (Fig. 1d) across all data qubits shows the performance of the nuclear-spin readout and initialization procedure.
The coherence times for both nuclear and electron spins are characterized by means of Ramsey and Hahn-echo measurements (Fig. 1e). For the nuclear spins, the phase coherence time extracted from Ramsey measurements, \({T}_{2}^{\star }\), ranges from 1 to 46 ms. Refocusing with Hahn echo greatly extends such a phase coherence, \({T}_{2}^{{\rm{Hahn}}}\), to values between 3 and 660 ms. We observe that the phase coherence of the data qubits is related to its hyperfine Stark coefficient (Supplementary Information Section VII). Accordingly, we note that deterministic atom placement will provide a way to improve coherence by tailoring the spin registers for smaller susceptibility to electric field fluctuations. For the electrons e1 and e2, we measure similar phase coherence times of \({T}_{2}^{\star }\approx 20\,{\rm{\mu }}{\rm{s}}\) and \({T}_{2}^{{\rm{Hahn}}}\approx 350\,{\rm{\mu }}{\rm{s}}\). Overall, our investigations affirm the potential of refocusing techniques to substantially improve the performance of our 11-qubit atom processor.
Single-qubit randomized benchmarking (1Q-RB) reveals that all qubits except n4 operate with gate fidelities greater than 99.90% and as high as 99.99% for n5 (see Supplementary Information Section VIII for optimization details). We attribute this excellent performance to long coherence times and minimal frequency drifts in both ESR and NMR (Supplementary Information Sections III and VII). These single-qubit metrics are on par with our recent results using a single spin register5, indicating consistency in atomic-scale fabrication.
To perform multi-qubit operations with any data qubit across our atom processor, we now establish a quantum link between the nuclear spin registers through the exchange interaction of the electrons. We first assess the performance of this link with interleaved two-qubit randomized benchmarking (2Q-RB) of the electron CROT gate (see Methods). To minimize off-resonant population transfer between the zero-controlled rotation (zCROT) and CROT resonances, the Rabi frequency is optimized to fRabi ≈ 400 kHz for the chosen exchange coupling J ≈ 1.55 MHz (ref. 40) (Supplementary Information Section VIII.C). This choice sets the duration of the CROT π rotation to approximately 1.25 μs. Also, we calibrate the phase offsets of the CROT gates and implement a compensation protocol30 (Supplementary Information Section VIII.C). Figure 2a shows the reference and interleaved 2Q-RB data for e2 when all nuclear spins are initialized to down (⇓⇓⇓⇓, ⇓⇓⇓⇓⇓), which we denote for simplicity as (⇓4, ⇓5). The extracted electron–electron CROT gate fidelity of 99.64(8)% indicates excellent performance that is relevant for the application of quantum-error-correction protocols.
Fig. 2: High-fidelity two-qubit operation between nuclear (CZ) and electron (CROT) spins.

a, Normalized 2Q-RB of the electron–electron CROT gate from the reference (black) and interleaved procedure (CROT e2) showing the Clifford fidelity. b, Normalized 2Q-RB of the geometric CZ operation on the nuclear-spin pair n6 and n9 from the reference (black) and interleaved procedure (CZ). All other nuclear spins are initialized to down ⇓ in this experiment. c, Summary of the nuclear (CZ) and electron 2Q-RB (zCROT and CROT of e1 and e2) fidelities. For the electron CROT gate, the primitive fidelities (reference for interleaved 2Q-RB) are also shown for different nuclear spin configurations, with the corresponding frequency gap ΔEz = |fCROT e1 − fCROT e2| indicated at the top.
According to ref. 35, the fidelity of the two-qubit CROT gate depends on the Larmor-frequency splitting ΔEz = |fCROT e1 − fCROT e2|, which is defined by the nuclear-spin configuration. In particular, when ΔEz is similar to the exchange interaction strength J, the fidelity is lower owing to hybridization with the singlet–triplet eigenbasis. By choosing small exchange of J = 1.55 MHz, we operate at a large ΔEz/J ratio and obtain CROT gate fidelities exceeding 99% across different nuclear-spin configurations, as shown in Fig. 2c.
A key task of the ancilla electron in our 14|15 platform is to entangle nuclear data qubits by means of a geometric CZ gate that is implemented through a 2π-ESR rotation4,5,41 (for a detailed derivation, see Supplementary Information Section II). Figure 2b shows interleaved 2Q-RB results for the nuclear CZ gate applied on two nuclear spins n6 and n9 on the 5P register, giving a nuclear two-qubit-gate fidelity of 99.90(4)%. The nuclear CZ gate strongly outperforms the CROT gate and thus allows local multi-qubit operation on a spin register with high fidelity.
Before applying this electron-exchange-based link to entangle nuclear spins across the two registers, we first benchmark the generation of local Bell states within a single spin register. As an example, we entangle the nuclear spins n6 and n9 of the 5P register through the electron e2 (see schematic in Fig. 3a). An exemplary quantum circuit to prepare the Bell state is shown in Fig. 3b, which uses this nuclear CZ gate to entangle the nuclear-spin pair. Accordingly, the four maximally entangled Bell states, \(| {\Phi }^{\pm }\rangle =(| \Downarrow \Downarrow \rangle \pm | \Uparrow \Uparrow \rangle )/\sqrt{2}\) and \(| {\Psi }^{\pm }\rangle =(| \Downarrow \Uparrow \rangle \pm | \Uparrow \Downarrow \rangle )/\sqrt{2}\) can be generated by adjusting the phase of the initial −Y/2 NMR pulses, by inverting their respective signs. We remind that the gate operations used are conditional on the spectator data qubits in the system, which are initialized to ⇓. We perform quantum state tomography (QST) using a complete set of nine projections (all combinations of X, Y and Z for the two data qubits) and reconstruct the corresponding density matrix (Methods and Fig. 3c). Here the experiments are performed with J ≈ 1.69 MHz, which sets the optimal Rabi frequency for CROT operations to 436 kHz. Without removal of state preparation and measurement (SPAM) errors, we obtain an average state fidelity of 99.2(3)% for all Bell states (see table in Fig. 3c). To characterize the local Φ+ state across all nuclear-spin pairs from the two registers, we reconstruct the density matrix from a reduced set of three projections (XX, YY and ZZ). This way, we can increase the measurement speed with similar accuracy42 (Supplementary Information Section IX). For nuclear spins with smaller hyperfine coupling than J, we reduce fRabi for CROT gates to minimize off-resonance driving (Supplementary Information Section VIII.C). Figure 3d shows the local Φ+ state fidelities for all local combinations of data qubits on the respective registers ranging from 91.4(5)% to 99.5(1)%. To the best of our knowledge, the peak Bell-state fidelity surpassing 99% represents the highest value reported in semiconductor devices so far.
Fig. 3: Bell states within a register (left, local) and across registers (right, non-local).

a (e), Connectivity of a local (non-local) Bell state. b (f), Circuit for generation and measurement of a Φ+ Bell state using local (non-local) CZ gate and QST. Open (filled) circles indicate whether the operation is conditional on the down (up) state. c (g), Reconstructed density matrix for a local (non-local) Φ+ Bell state. The table shows the fidelities for all local (non-local) Bell states. Here a complete set of nine projections is used to reconstruct the density matrix. d (h), Generation fidelities of local (non-local) Φ+ Bell state for all combinations of nuclear spins. As we use a reduced set of three projections, small deviations in the generation fidelities occur.
The variation in Bell-state fidelities observed arises from the interplay between several effects, including the Stark coefficient, the operational speed, the stability of the qubit frequencies, microwave-induced frequency shifts and the coherence time of the qubits involved (compare Supplementary Information Sections III, VII and VIII). For instance, Bell states involving n5 exhibit lower fidelities (see the corresponding row in Fig. 3d). This reduction is primarily caused by its small hyperfine coupling, which sets the CROT gate speed approximately three times slower than for the other nuclear spins (n6–n9) in the same register (Supplementary Information Section VIII.D).
As a next step, we now interconnect the spin registers and implement non-local Bell states over the electron-exchange-based link. To demonstrate the approach, we entangle nuclear spins n4 and n9 through both electrons e1 and e2 (see connectivity in Fig. 3e). To implement the non-local CZ gate in the regime in which J ≪ ΔEz, we project the targeted nuclear state on the electron e1 through X gates (π rotation), sandwiching the 2X operation on e2 (see circuit in Fig. 3f for the example of the Φ+ state). Again, we perform QST using a complete set of nine projections to maximize measurement accuracy. Figure 3g shows the density matrix of the non-local Bell state Φ+ with a table listing the extracted fidelities for Φ+, Φ−, Ψ+ and Ψ−, with an average of 97.2(9)%.
We characterize the non-local Φ+ state for all combinations of nuclear-spin pairs across the registers. Figure 3h shows the obtained state fidelities ranging from 87.0(4)% to 97.0(2)%. The observed reduction in fidelity compared with local Bell states is primarily attributed to the increased operation time of the non-local CZ gate. In particular, entanglement involving nuclear spins with smaller hyperfine coupling (n1, n2 or n5) exhibits slightly lower performance, underscoring the importance of engineering hyperfine couplings larger than the exchange strength J in future devices. These results demonstrate the ability to generate pairwise entanglement between arbitrary nuclear-spin pairs, highlighting the potential of the 14|15 platform to realize efficient all-to-all connectivity.
A straightforward approach to benchmarking the all-to-all connectivity of a quantum processor is the generation of GHZ states with an increasing number of qubits. Accordingly, we investigate in the following non-local multi-qubit entanglement with an increasing number of nuclear spins. First, we generate a GHZ state with three nuclear spins: n4 on the 4P register and n6 and n9 on the 5P register (Fig. 4a). We implement a combination of local and non-local Bell states and concatenate the corresponding entanglement circuits as shown in Fig. 4b. The density matrix shown in Fig. 4c is reconstructed from a full set of QST measurements. Without SPAM removal, we report a GHZ state fidelity of 90.8(3)%.
Fig. 4: Non-local multi-qubit GHZ states.

a, Connectivity of the three-qubit GHZ state comprising n4, n6 and n9. b, Circuit for the generation and measurement of the three-qubit GHZ state using the local and non-local CZ gate and QST through the ancilla qubits e1 and e2. Open (filled) circles indicate whether the operation is conditional on the down (up) state. c, Reconstructed density matrix for the GHZ state with N = 3 entangled nuclear spins. d, Normalized QST counts in the z projection—that is, diagonal of density matrix—for GHZ states with increasing qubit count N. The bars on the left (right) show matrix elements in which all nuclear spins are down ⇓…⇓ (up ⇑…⇑). All other elements with mixed states (with ⇓ and ⇑) are combined via their sum in the bars in the middle. e, Generation fidelity as a function of the number of qubits N in the GHZ state.
To prepare a GHZ state with more than three qubits, we now extend the circuit shown in Fig. 4b by adding the local entanglement sequence—NMR  −Y/2, local ESR 2X and NMR Y/2—for each extra qubit. For the 5P (4P) register, we add these local entanglement operations before (after) the non-local CZ. Because the number of tomography bases grows exponentially (3N, in which N is the number of qubits), we use a reduced measurement strategy that requires only N + 1 bases to estimate the state fidelity42,43. Figure 4d shows the counts in the z basis of GHZ states with an increasing number of entangled nuclear spins. In the ideal GHZ state, measurement outcomes are equally distributed between the states in which all nuclear spins are either down (⇓…⇓) or up (⇑…⇑). Increasing the number of qubits in the GHZ state (N), we observe a gradual increase in the probability of all other states, that is, mixed combinations of ⇓ and ⇑. The corresponding GHZ fidelities are plotted in Fig. 4e. The three-qubit GHZ fidelity is 92(2)%, consistent with the value of 90.8(3)% obtained from full QST. Because a fidelity greater 50% is sufficient to witness genuine N-qubit entanglement44, the data demonstrate that entanglement is maintained for up to eight nuclear spins. Further performance improvements are anticipated by coherent control optimization45, frequency crosstalk mitigation and the incorporation of refocusing pulses. Building on this progress, the present results demonstrate efficient connectivity across nuclear data qubits in our atom processor, representing an important step towards future implementations of quantum error correction on the 14|15 platform.
Conclusion
By coupling a 4P and a 5P register by means of electron exchange interaction, we considerably exceeded the number of interconnected qubits with respect to previous works in semiconductor devices4,5,16,17,18,19 and achieve an important milestone towards a modular spin qubit system within the 14|15 platform. While increasing the number of connected qubits, we have shown that physical-level benchmarks are maintained and some of them even improved, with two-qubit gate fidelities reaching 99.9% for the first time in silicon qubits. Systematic characterization of the 11-qubit atom processor enabled the development of tailored calibration routines that scale linearly with more registers. By using the electron spin on each of the two registers as an ancilla qubit, we implemented efficient single-qubit and multi-qubit control for all nuclear spins. This level of performance has allowed us to entangle every nuclear-spin pair within the 11-qubit system with Bell-state fidelities ranging from 91.4(5)% to 99.5(1)% within registers and from 87.0(4)% to 97.0(2)% across registers. We expanded the connectivity by preparing multi-qubit GHZ states across all data qubits and showed that entanglement is preserved for up to eight nuclear spins. By successfully introducing a coherent link across spin registers while maintaining excellent qubit performance, we demonstrate a key capability for future implementations in the 14|15 platform aimed at quantum error correction.
In the present work, gate operations are performed under the assumption that spectator qubits remain in a pre-initialized state. Future work will focus on benchmarking performance with arbitrary spectator qubit states46, including characterization of error and leakage channels using modified randomized benchmarking protocols47,48,49, gate-set tomography50 and non-Markovian process tomography51. As implementing a universal geometric CZ gate requires driving all ESR transitions conditional on both ⇑ and ⇓ states of the spectator nuclear spins, we will pursue control optimization through pulse shaping and parallelized drive execution45, alongside refined calibration strategies to mitigate microwave-induced frequency shifts52. Finally, as small hyperfine couplings limit gate speed, we aim to atomically engineer the registers to optimize hyperfine couplings in future processors53.
Methods
Experimental set-up
A single-electron transistor serves as charge reservoir and sensor enabling spin readout of the electrons through spin-to-charge conversion. Details of the basic operation of our atom processor are provided in Supplementary Information Section I. The encapsulation is about 45 nm. On top of the chip, an antenna is horizontally offset from the dots by  about 300 nm (refs. 5,55). It allows us to drive NMR and ESR. The experiment is performed in a cryogen-free dilution refrigerator at a base temperature of about 16 mK. Spin polarization is activated by a magnetic field B ≈ 1.39 T along the [110] crystal direction.
Randomized benchmarking
For 1Q-RB, we generate ten variations of a random set of Cliffords up to 1,024 gates. Each Clifford gate is chosen from the one-qubit Clifford group containing 24 elements. Using the Euler decomposition, we translate each Clifford to a single native Y(θ) rotation sandwiched between two virtual Z(θ) gates. Because the latter operation is instantaneous owing to a change of reference frame, the average number of primitive gates per Clifford is exactly one. For each Clifford set, we take 200 (50) single-shot measurements for the electron (nuclei). We perform qubit frequency recalibrations every 12 runs (equivalent to a few minutes time intervals). We measure recovery probabilities F↑(n) and F↓(n) to both up and down states and fit the data points with F(n) = F↑(n) − F↓(n) with F(n) = Apn, in which n is the sequence length, A is the factor containing SPAM errors and p is the depolarizing strength. The Clifford gate fidelity FC, and hence the primitive gate fidelity FP, is then extracted as FC = FP = (1 + p)/2. In all randomized benchmarking experiments, we calculate the error bars by bootstrapping resampling methods assuming a multinomial distribution30,40.
Similarly, for 2Q-RB, we typically generate 20 variations of a random set of Cliffords up to 256 gates. Each Clifford gate is chosen from the two-qubit Clifford group containing 11,520 elements56. For the electron, we use the decomposition to CROT rotations as in ref. 40, in which the average number of primitive gates, \(\bar{n}\), is 2.57. For nuclear spins, the native operations consist of a combination of π/2 NMR pulses for single-qubit rotations and 2π ESR pulses as CZ gates5. Similar to 1Q-RB, we measure recovery probabilities to both ↑↑ and ↓↓ to account for SPAM errors. To extract the polarizing strength, we fit F(n) = F↑↑(n) − F↓↓(n) with F(n) = Apn as before. The corresponding Clifford and primitive gate fidelities are FC = (1 + 3p)/4 and \({F}_{{\rm{P}}}=1-(1-{F}_{{\rm{C}}})/\bar{n}\), respectively.
For the interleaved 2Q-RB, we insert the target Clifford after each random gate, effectively doubling the sequence length. We measure the recovery probabilities in the same manner as standard 2Q-RB and extract the interleaved polarizing strength pi. Accordingly, we extract the interleaved gate fidelity using Fi = (1 + 3pi/p)/4. The standard deviation is calculated using the same bootstrapping resampling method and standard error propagation analysis.
Quantum state tomography
To perform QST measurements, we add projection pulses for each qubit to the target basis {x, y, z} before readout. In particular, we apply  −Y/2 (X/2) to project on x (y). Because z is our native basis, there is no need for any extra rotations.
For Bell-state and GHZ-state generation, we merge the projection pulse with the last Y/2 rotation. Accordingly, when projecting to x, the rotations cancel each other and thus we remove them both. For projections to y, we convert the sequence Y/2 + X/2 into  −Z/2 + Y/2 according to the Euler decomposition, as the virtual Z rotation, which is implemented by a global phase shift, does not require a physical pulse.
The full QST is taken by projecting to all 3N basis, in which N is the number of qubits involved. We perform 2,000 single-shot measurements per basis and apply post-selection to ensure successful nuclear spin initialization. The density matrix is reconstructed by performing a constrained Gaussian linear least-squares fit to the tomography counts. The standard deviation is then extracted from Monte Carlo bootstrapping resampling5,40,57.
Data availability
The raw data used in this article are available from Zenodo at https://doi.org/10.5281/zenodo.15549984 (ref. 58).
Code availability
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Abstract
Hydrogen (H2) will play a part in decarbonizing the global energy system1. However, hydrogen interacts with methane, ozone, and stratospheric water vapour, leading to an indirect 100-year global warming potential of 11 ± 4 (refs. 2,3,4,5). This raises concerns about the climate consequences of increasing H2 use under future hydrogen economies3,5. A comprehensive accounting of H2 sources and sinks is essential for assessing changes and mitigating environmental risks. Here we analyse trends in global H2 sources and sinks from 1990 to 2020 and construct a comprehensive budget for the decade 2010–2020. H2 sources increased from 1990 to 2020, primarily because of the oxidation of methane and anthropogenic non-methane volatile organic compounds, biogenic nitrogen fixation, and leakage from H2 production. Sinks also increased in response to rising atmospheric H2. Estimated global H2 sources and sinks averaged 69.9 ± 9.4 Tg yr−1 and 68.4 ± 18.1 Tg yr−1, respectively, for 2010–2020. Regionally, Africa and South America contained the largest sources and sinks of H2, whereas East Asia and North America contributed the most H2 emissions from fossil fuel combustion. We estimate that rising atmospheric H2 between 2010 and 2020 contributed to an increase in global surface air temperature (GSAT) of 0.02 ± 0.006 °C. GSAT impacts of changing atmospheric H2 in future marker Shared Socioeconomic Pathway scenarios are estimated to remain within 0.01–0.05 °C, depending on H2 usage, leakage rates and CH4 emissions that influence photochemical H2 production.
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Main
Hydrogen (H2) has received increased attention as an energy carrier to help decarbonize heavy industry and transport and to provide long-duration energy storage1. When produced by electrolysis with renewable energy, hydrogen can, in principle, be produced and consumed with near-zero carbon emissions. As a result, many energy-system scenarios project substantial growth in H2 production and utilization this century1,6.
At present, hydrogen production is energy- and greenhouse gas-intensive. More than 90% of hydrogen produced today is grey hydrogen, derived mainly from steam methane reforming or coal gasification, which are both carbon-intensive1. In anticipated net-zero scenarios, however, a shift towards cleaner, low-carbon hydrogen production is projected1,7. This transition encompasses both green hydrogen produced through electrolysis powered by low- or zero-carbon electricity, and blue hydrogen generated by reforming fossil fuels coupled with carbon capture and storage. Ultimately, green and blue hydrogen are projected to dominate hydrogen manufacturing by 2030–2040 (ref. 6).
Excessive atmospheric H2 has climate consequences. Despite its relatively short lifetime of 1.9–2.7 years (ref. 5), H2 acts as an indirect greenhouse gas. By consuming OH radicals, a crucial sink for CH4, H2 warms the climate indirectly by extending the lifetime of CH4, producing greenhouse gases such as ozone and stratospheric water vapour, and affecting the formation of aerosols and clouds2,5. Recent studies estimate 20-year and 100-year global warming potentials for H2 of 37 ± 18 and 11 ± 4, respectively2,3,4,5 (Supplementary Table 1). Understanding the impact of hydrogen leakage is, therefore, necessary to realize the full climate benefits of the H2 economy2,3,8,9,10. For blue hydrogen, additional climate impacts arise from fugitive CH4 emissions and uncaptured CO2, which, in scenarios with relatively high H2 and CH4 emissions, can result in greater warming than directly burning natural gas3,11.
H2 concentrations in the atmosphere increased by about 70% from preindustrial times through 2003, after which time its concentration briefly stabilized12,13. However, H2 concentrations began increasing again around 2010 (ref. 14) (Supplementary Note 1), reaching an annual mean level of around 555 ppb in 2024 (ref. 15). The reasons for this recent rise remain poorly quantified.
Here, we examine the trends of H2 sources and sinks over the past three decades (1990–2020) and construct a comprehensive global budget for the most recent decade (2010–2020) with gridded sources and sinks (Extended Data Fig. 1). We use bottom-up approaches for estimating H2 sources and sinks. These approaches combine activity data, H2 emission factors, and emission factors or emission inventories of precursor species with process-based modelling. Using an ensemble of synthesized activity data, updated emission inventories, recently published emission factors and new observational measurements, we also provide detailed uncertainty estimates for key H2 sources and sinks, which were poorly characterized previously.
With this comprehensive budget as a baseline for assessing future changes, we further estimate the climate impact of increasing H2 concentrations historically and in future global H2 economies.
Three decades (1990–2020) of global H2 sources and sinks
The earliest global H2 budget traces back to the 1980s (ref. 16), with several later updates17,18,19,20,21,22,23. None of these previous studies fully examined recent changes in the H2 budget attributable to rapid changes in the emissions and processes of precursor gases, particularly CH4 and non-methane volatile organic compounds (NMVOCs), or for OH burdens, H2 concentrations and terrestrial and technological processes.
We estimate that increasing H2 emissions from 1990 to 2020 arose predominantly from anthropogenic sources (that is, oxidation of increased levels of CH4 and anthropogenic NMVOCs and leakage from H2 production) (Fig. 1). By contrast, natural sources such as fire emissions and biogenic NMVOC oxidation show substantial interannual variation but no notable trends over this period (Fig. 1). The global surface average H2 concentration increased from 523.4 ppb in 1992 to 543.5 ppb in 2020, a 3.8% increase, consistent with the increasing anthropogenic emissions of CH4 and NMVOCs during the study period.
Fig. 1: Global sources and sinks of H2 (Tg H2 yr−1) over three decades (1990–2020).

a–j, The H2 sources include production from oxidation of CH4 (a), biogenic NMVOCs (b), anthropogenic NMVOCs (c) and wildfire NMVOCs (d); as well as direct H2 emissions from wildfires (e), combustion of biofuels (f), the combustion of fossil fuels (g), biological nitrogen fixation on land (h) or in the oceans (i), and H2 leakage during industrial H2 production (j). k,l, The sinks (bottom two panels) include H2 oxidized by OH (k) and H2 uptake by microbes in soils (l). The category ‘Anthropogenic NMVOC’ (c) includes emissions of NMVOCs from burning both fossil fuels and biofuels. Note that some minor sources shown in Fig. 2 are omitted for this time series analysis. Uncertainties (shaded regions) represent standard deviations (1 s.d. above and below the line).
Source data
We estimate H2 production from CH4 oxidation to be the largest increasing source from 1990 to 2020 (0.1 Tg yr−1 or a total increase of about 4 Tg), attributable mainly to increasing atmospheric CH4 from anthropogenic activities24, but there was also a sudden decrease in 2020 attributable to COVID-19 (Fig. 1). H2 leakage from H2 production increased at an estimated rate of 0.015 Tg yr−1 because of an increasing industrial usage of H2 (that is, a total increase of around 0.45 Tg from 1990 to 2020) (Fig. 1). H2 emissions from the oxidation of anthropogenic NMVOCs and biogenic nitrogen fixation (BNF) increased at an estimated rate of 0.005 Tg yr−1 and 0.008 Tg yr−1, respectively (Fig. 1). H2 is produced naturally from BNF, but the increase is probably attributable to increased anthropogenic cultivation of leguminous crops25. Some anthropogenic sources of H2 seem to be decreasing, such as direct emissions from the combustion of fossil fuels and biofuels (estimated declines of −0.1 Tg H2 yr−1 and −0.03 Tg H2 yr−1, respectively), most likely attributable to improvements in combustion efficiency in engines that reduce incomplete combustion26. Nevertheless, we acknowledge that the H2/CO emission ratio may have evolved over time as technology improves, but a constant H2/CO ratio was assumed in this study.
Both the global soil and OH sinks increased significantly over the 1992–2020 period at rates of 0.05 Tg yr−1 and 0.06 Tg yr−1 (P ≪ 0.01), respectively, attributable to increasing H2 in the atmosphere (Fig. 1). We also estimate a small but significant increase in the global average soil H2 deposit velocity (slope = 7 × 10−6 cm s−1 yr−1, P < 0.05) in 1992–2020.
The global H2 budget (2010–2020)
We estimate the global H2 budget for the recent decade (2010–2020) by synthesizing multiple datasets and models, incorporating uncertainties propagated from multiple levels, including activity data, precursor emissions, and emission factors for both precursor species and H2 (Methods). No previous analysis, to our knowledge, estimated the uncertainties of these sink/source terms by synthesizing multiple datasets or modelling analyses as done here.
We estimate mean global H2 sources and sinks to be 69.9 ± 9.4 Tg yr−1 and 68.4 ± 18.1 Tg yr−1, respectively, for the decade 2010–2020 (Fig. 2). The largest anthropogenic sources of H2 over this decade include those from fossil fuel and biofuel combustion, leakage from industrial H2 production, and oxidation of CH4 and anthropogenic NMVOCs (Fig. 2). Photochemical oxidation is the largest H2 source (an estimated 38.4 Tg yr−1, 56% of the global total), whereas soil uptake is the largest sink (an estimated 50.0 Tg yr−1, 73% of total sinks) (Fig. 2). Soil uptake contributes the largest uncertainty to our total budget uncertainty, followed by photochemical oxidation, fossil fuel combustion, BNF, and biomass and biofuel burning.
Fig. 2: The main sources and sinks of H2.

The main sources (upward arrows) and sinks (downward arrows) of H2 (Tg yr−1) for anthropogenic (orange), natural (green) and mixed anthropogenic and natural fluxes (hatched). Dominant sources include photochemical oxidation of both CH4 and non-methane volatile organic compounds (NMVOCs), combustion of biomass and fossil fuels and H2 production from nitrogen fixation. The dominant global sinks of H2 are consumption by soil microbes and oxidation by tropospheric hydroxyl radicals (OH).
The H2 budget was further evaluated using a two-box model (Supplementary Note 2) to optimize total sources or total sinks for 2010–2020. Our bottom-up imbalance based on mean total sinks and sources is 1.5 ± 20.4 Tg yr−1, whereas the optimized imbalance is 0.6 ± 1.4 Tg yr−1 at a mean atmospheric lifetime for H2 of 2.8 years (Extended Data Table 1). The mean difference between previous and optimized values is less than 1 Tg yr−1, within the uncertainty range of the priors, indicating that only a modest adjustment to either emissions or losses can considerably improve agreement with observed atmospheric H2. Our estimated balance between emissions and losses also closely matches the interannual burden change (R2 = 0.42).
Our global total source estimate falls within the range of previous estimates for earlier time periods (Supplementary Table 2). However, it is approximately 30 Tg smaller than the two previous atmospheric inversion studies18,20, which probably overestimated H2 production from NMVOCs (>36 Tg yr−1) for the following reasons. These higher estimates conflict with the well-established NMVOC production levels of carbon monoxide (CO), whose primary removal mechanism (reaction with OH, about 90%) is widely recognized to limit its sources. Moreover, satellite observation of atmospheric formaldehyde (HCHO), which is produced from NMVOCs to generate H2, does not support such a high level of NMVOC production of H2 (Methods).
Our estimate of total sinks agrees well with most previous studies17,21,22,27,28,29,30. We estimated OH oxidation and its uncertainties based on an ensemble of eight OH datasets and the soil sink and its uncertainty based on seven different model parameterization and 10 different soil attribution inputs (Methods).
The spatial distribution of sources is more uneven than for sinks (Fig. 3). Hotspots of H2 emissions are evident, with the highest density of emissions observed in Southeast and East Asia. However, tropical regions contribute the largest share (about 60%) of the total amount of emissions and production (Fig. 3a). This result is attributable to the combination of higher temperatures in the tropics promoting CH4 and NMVOC oxidation, abundant plant biomass that leads to relatively high biogenic NMVOC emissions, and frequent tropical fires. Although the distribution of H2 sinks is more uniform across non-desert and non-frozen lands globally, tropical regions still account for the largest sink (around 50% of the global total) (Fig. 3b).
Fig. 3: The spatial distribution of total sources and sinks of hydrogen.

a, Total sources gridded spatially (top left) and the latitudinal distribution of sources (top right). b, Total sinks gridded spatially (bottom left) and latitudinally (bottom right). The 10 land regions of Earth follow the categorizations in the second phase of the REgional Carbon Cycle Assessment and Processes Project (RECCAP-2)59 and are labelled in a. These regions are used subsequently to analyse regional sources and sinks. The total sources here include only the photochemical oxidation of CH4 and NMVOCs, direct emissions from fires and the combustion of fossil fuels and biofuels, and emissions from biological nitrogen fixation terrestrially and in the oceans.
Photochemical H2 production
H2 is produced in the atmosphere through the photolysis of formaldehyde (HCHO) (ref. 17). HCHO is produced by the oxidation of CH4 and NMVOCs by OH, with yields affected by levels of NOx gases31. Previous estimates of production from CH4 oxidation range from 15 Tg yr−1 to 27 Tg yr−1 (refs. 21,23,28), but earlier studies either did not report uncertainties or disclosed much larger uncertainties (≥±8 Tg yr−1) (refs. 17,21) than ours (± 3.5 Tg yr−1). We estimate a relatively higher average rate of 26.1 ± 3.5 Tg H2 yr−1 for this source (Supplementary Table 2), primarily attributable to increasing atmospheric CH4.
Various NMVOCs, including biogenic sources, anthropogenic sources and mixed sources such as biomass burning, produce atmospheric H2 through photochemical oxidation. We estimate that biogenic, wildfire and anthropogenic NMVOCs contribute 10.7 ± 5.0 Tg yr−1, 0.5 ± 0.3 Tg yr−1 and 1.1 ± 0.6 Tg yr−1, respectively (Extended Data Table 1), summing to 12.3 ± 5.0 Tg yr−1.
Combining CH4 and NMVOCs oxidation, we estimate total photochemical sources of H2 to be 38.4 ± 6.1 Tg yr−1 for the decade 2010–2020. This quantity lies within the range of previous estimates (31–87 Tg yr−1) and aligns well with a few estimates in other periods using three-dimensional (3D) chemical transport models18,22,30 (Supplementary Table 2).
Direct H2 emissions from combustion
Incomplete combustion generates CO, which can undergo the water–gas shift reaction to produce H2 (ref. 17). Automobile transportation is the primary H2 source from fossil fuel combustion, although other processes involving fossil fuel or biomass combustion also emit H2.
Based on CO emissions and CO/H2 emission ratios across various sectors of fossil fuel and biomass combustion (Methods), we estimate total H2 emissions from fossil fuel combustion to be 7.5 ± 3.9 Tg yr−1 (3.7 ± 2.0 Tg yr−1 for automobile transport and 3.8 ± 3.3 Tg yr−1 from other fossil sources) and from biomass burning to be 11.6 ± 3.7 Tg yr−1 (8.4 ± 3.3 Tg yr−1 for wildfires and 3.2 ± 1.7 Tg yr−1 for biofuels) during 2010–2020. Our estimate of H2 emissions from fossil fuel combustion is lower than that in previous studies (Supplementary Table 2). Our estimate of H2 emissions from biomass burning (11.6 ± 3.7 Tg yr−1) falls within the range of previous estimates17,18,21,28,29,30,32.
Leakage from H2 production
Similar to methane leakage from the natural gas industry, the production, distribution and utilization of H2 have some unavoidable leakage. At present, however, the vast majority of H2 production (>99%) is consumed locally at the site of production for industrial processes1. Estimates of current H2 leakage, therefore, mainly consider leakage at production sites. The average global leakage rate for H2 production is relatively unconstrained because of a lack of measurements. Using a 1 ± 0.5% leakage rate for industrial H2 production (Methods), we estimate total H2 leakage at 0.7 ± 0.4 Tg yr−1 for 2010–2020 (Fig. 1), within the range of previous estimates23,33.
H2 emission from BNF
H2 is produced as a by-product of BNF34, a widespread process carried out by symbiotic and free-living bacteria. However, the H2 sources from oceanic and terrestrial BNF remain relatively poorly constrained. Previous estimates suggest a range of 0–11 Tg yr−1 from land and oceans combined (Supplementary Table 2).
Some studies ignored land-based sources of H2 from BNF, arguing that most soil H2 production is consumed by soil hydrogenases29. However, observations in various land covers show H2 escaping from the soil to the atmosphere34,35, indicating the importance of this source. Through an ensemble of models that estimated N fixation from BNF and newly compiled H2/N2 net production ratios (Methods), we estimate a new land-based H2 emission to be 3.1 ± 2.5 Tg yr−1 for the period 2010–2020 (Fig. 1).
Previous studies observed H2 supersaturation in oceans with respect to atmospheric H2 (refs. 36,37,38,39), leading to H2 release into the atmosphere. Oceanic H2 mainly originates from cyanobacterial BNF, although other origins are possible17,40. Using our newly compiled H2/N2 net production ratios from the literature (Methods), we estimate the total oceanic BNF H2 emission to be 4.9 ± 3.1 Tg yr−1 for 2010–2020 (Fig. 1).
Other minor H2 sources
There are additional minor H2 sources (usually <1.0 Tg H2 yr−1) with substantial uncertainties. Our budget accounts for one geological source (volcanic emissions) and eight fermentation processes (the breakdown of organic materials under anaerobic conditions) occurring in wetlands, rice paddies, landfills, waste treatment, livestock production (that is, enteric fermentation and manure management), termites, wild animals and human breath, along with two photochemical processes (the photolysis of ozone and glyoxal). Collectively, we estimate a total of 3.7 ± 2.3 Tg H2 yr−1 from these minor sources (Fig. 2) based on sparse data of emission factors compiled from the literature (Methods). Although individually small compared with major sources, their cumulative emissions nevertheless represent a substantial contribution to atmospheric H2 and warrant further study and elucidation.
H2 sinks
Previous estimates of global soil H2 uptake ranged widely from 15 Tg yr−1 to 99 Tg yr−1 (Supplementary Table 2). We used the process-based model formulation in ref. 41 to estimate global soil H2 uptake with seven sets of parameterizations. Soil properties are recognized as a large source of uncertainty42. We thus also integrated forcing data for soil texture, porosity, temperature, moisture and snow depth from an ensemble of 10 global models to estimate this uncertainty. We estimate a global H2 soil uptake rate of 50.0 ± 18.0 Tg yr−1 for the period 2010–2020 (Fig. 2), a range that includes most previous estimates (Supplementary Table 2).
The loss of H2 through reactions with OH in the atmosphere is relatively well-constrained compared with soil uptake. However, it carries uncertainty attributable in part to variations in OH distributions and trends. By considering the 3D distribution of OH and H2, along with temperature-dependent reaction rates43, we estimate this loss of H2 to be 18.4 ± 2.2 Tg yr−1 during the decade 2010–2020. Our estimate is also consistent with most previous studies17,18,20,21,22,30,32,44 (Supplementary Table 2).
Regional sources and sinks (2010–2020)
Our estimates show strong regional differences in the magnitude of H2 sources and sinks (Fig. 4). Most H2 photochemical production/loss occurs over the oceans, because of their large global area, particularly in the tropics, in which both OH concentrations and temperatures are relatively high. On land, Europe is the smallest regional source of H2 (<2% of global total), whereas Africa and South America stand out as the largest two regional sources (about 16% and 11% of the global total, respectively) (Supplementary Table 3). Africa is also the largest regional sink for H2 (about 23% of the global total), followed by South America as the second largest (around 13% of global total). Southeast Asia is the smallest regional sink (approximately 4% of the global total) (Supplementary Table 3).
Fig. 4: Regional sources and sinks of H2 (Tg H2 yr−1) averaged for the decade 2010–2020.

a,b, The Earth is partitioned into global ocean (a) and global land (b). c–l, The ice-free land of Earth is further partitioned into 10 regions following the definitions used in the second phase of the Regional Carbon Cycle Assessment and Processes Project (RECCAP-2)59: Africa (c), South America (d), Europe (e), Russia (f), North America (g), Oceania (h), Middle East (i), South Asia (j), East Asia (k) and Southeast Asia (l). Each subplot shows the emissions from five source terms (shown as positive values) and two sink terms (shown as negative values). Minor source terms and H2 leakage (Fig. 2) are not shown here.
Source data
The two largest economic regions of the world, East Asia and North America, contribute the most H2 emissions from fossil fuel combustion (about 32% and 15% of the global total, respectively; Supplementary Table 3). South America is the largest contributor of H2 from land-based BNF (27% of the terrestrial total). This result can be attributed to its extensive cultivation of leguminous plants such as soybeans and peanuts45, as well as extensive tropical areas in which native species fix nitrogen46.
H2 generated from biomass combustion, NMVOCs and CH4 oxidation comprise the dominant sources in Africa and South America (Fig. 4). In Africa, biomass combustion, mostly through wildfires, constitutes the largest source, followed by NMVOC oxidation (Fig. 4). In South America, NMVOC oxidation is the largest source, followed by biomass combustion (Fig. 4). Both Africa and South America have extensive tropical areas and are characterized by frequent wildfires47 and abundant vegetation that produces NMVOCs48. H2 emissions from fossil fuel combustion comprise the largest source of H2 in East Asia, North America and Europe (Fig. 4), consistent with more intensive fossil fuel use there.
Climate impacts of atmospheric H2

We estimate changes in atmospheric H2 and their associated impact on GSAT using the compact Earth system model OSCAR49, which integrates the hydrogen cycle and its interactions with methane (CH4) (Methods). Unlike previous studies that primarily assess the net climate benefits of H2 by examining tradeoffs between reductions in greenhouse gas emissions and potential H2 leakage3,50, our work estimates changes in the H2 budget and quantifies the missing warming in the current climate simulations due to the lack of an interactive representation of the H2–CH4 system in most models.
Over the past decade (2010–2020), we estimate that rising atmospheric H2 concentrations have contributed to an increase in GSAT of 0.020 ± 0.006 °C with respect to the preindustrial period. For the future, we project all components of the H2 budget using IPCC AR6 marker Shared Socioeconomic Pathway (SSP) climate scenarios51 to estimate the changes in atmospheric H2 and the resulting climate impacts not currently included in these SSP climate projections.
The future contribution of H2 to GSAT depends on how much H2 is consumed as an energy carrier (Fig. 5a), leaks during usage (Fig. 5b) and is produced through the photolysis of CH4 in the atmosphere (Fig. 5e, as photolysis of NMVOCs is not projected to change much) and other H2 emissions (Fig. 5c,d). In low-warming scenarios with high H2 usage (for example, SSP1-1.9 and SSP1-2.6; Fig. 5a), methane emissions are substantially mitigated, which reduces the formation of H2 from CH4 by photolysis (Fig. 5e). Therefore, the warming from H2 could even decrease slightly from the present-day level if H2 leakage is relatively low (for example, 1% leakage, Fig. 5g) but still increase if leakage is high (for example, 10% leakage, Fig. 5h). In a medium-warming scenario such as SSP2-4.5, methane emissions decline only slightly, and the change in warming from H2 is predominately determined by the H2 leakage rate: it may be similar to today under low leakage rates but increase substantially under higher leakage (Fig. 5g,h) (acknowledging that such a high H2 usage is specific to this SSP2-4.5 (ref. 52) of the SSPs we examined; Fig. 5a). In higher-warming scenarios (for example, SSP 4-6.0 or SSP5-8.5), the H2 use is relatively low but methane emissions remain largely unmitigated. In these cases, the additional H2 formed from CH4 photolysis can outweigh the H2 that leaks from the system under both low and high H2 leakage scenarios (Fig. 5g,h), increasing H2-induced GSAT. Overall, this compensation effect caused by inversely related CH4 and H2 emissions across these limited SSP scenarios leads to a missing warming in climate projections of 0.01–0.05 °C, which is relatively small compared with the long-term total temperature decrease in mitigation, that is, about 1.0 °C in SSP2-4.5 (current policies), about 1.9 °C in SSP1-2.6 and about 2.5 °C in SSP1-1.9 compared with an SSP3-7.0 (baseline)51. However, if there were scenarios with both high demand and leakage rates for H2, as well as unmitigated CH4 emissions, the potential warming resulting from increasing H2 concentrations would be considerably larger than those shown in Fig. 5.
Fig. 5: Projected global hydrogen use (EJ yr−1), emissions (Tg yr−1), atmospheric concentration (ppb), and climate impacts (°C) under varying leakage scenarios in marker SSP scenarios as used in IPCC AR6.

a, Hydrogen as secondary energy in SSP scenarios through 2100. b, Corresponding leakage emissions by scenario under 1% H2 leakage rate. c, Future anthropogenic emissions (fossil, biofuel and other minor sources). d, Future wildfire emissions. e, Total H2 production from CH4 and VOCs oxidation under 1% leakage rate. f, Atmospheric concentration of H2 under 1% leakage rate. g,h, GSAT impact from H2 concentration change under 1% (g) and 10% (h) leakage rates. The shaded regions represent 1 s.d. GSAT impact for other intermediate leakage rates (3% and 5%) can be found in Extended Data Fig. 2.
Discussion
Our new global H2 budget for the recent decade 2010–2020 was estimated by synthesizing multiple datasets and models, with each budget term estimated individually using a bottom-up synthesis approach. When combined with atmospheric H2 observation data15, our gridded H2 sources and sinks can provide data needed for further optimization of the global H2 budget by top-down atmospheric inversions and bottom-up chemistry transport models.
Our work also highlights remaining uncertainties in sources and sinks, and research needs to constrain the global H2 budget further. The largest uncertainty arises from the soil uptake term, which is sensitive to both model parameterization (especially the value of the maximum biological uptake rate) and intermodel variation of soil attributes. Refined quantification of soil characteristics (for example, soil porosity, composition, moisture and temperature) and understanding of how they influence microbial hydrogenases are needed to improve modelling of soil H2 uptake. More in situ measurements of soil uptake rates are needed in different ecosystems and seasons to better validate, parameterize and constrain process-based H2 uptake models. Moreover, more laboratory studies are needed to constrain the maximum biological H2 uptake in different soil types and microbial communities.
Uncertainties associated with other sources and sinks are smaller than for the soil sink in absolute terms but can still be larger in relative terms, and future work is needed to reduce these uncertainties. Increased H2 production from CH4 oxidation is probably the main reason for the increasing H2 concentration in the atmosphere over the past decade, a conclusion that would benefit from further observations and studies to verify. The atmospheric distribution of CH4 and the H2-yielding mechanism of CH4 oxidation are now fairly well understood, leading to a reduced uncertainty in H2 source estimates from this process. However, the distribution of NMVOC and the molar yields of H2 from NMVOC oxidation need further quantification across space and time. Other remaining uncertainties include estimates related to OH fields, particularly as the abundance of methyl chloroform declines below 1 pptv (parts per trillion by volume). Minimizing this uncertainty could further improve estimated photochemical production and loss of H2.
There remains a substantial lack of empirical data on H2 emission factors for various sectors, including minor sources, and more measurements are needed to improve the estimate to better constrain the global budget. More data are needed on leakage rates of H2 in production sites, transport pipelines, and end-use facilities and appliances. Limited data also exist for H2 emission factors for fossil fuel and biofuel combustion, nitrogen fixation processes on land and in the oceans, and for minor sources such as emissions from geological sources, wet soils (for example, wetlands, landfills and rice paddies) and enteric fermentation (for example, termites, and livestock), and photolysis of ozone and glyoxal. We summarize current data availability and gaps in Extended Data Table 2.
This lack of empirical emission data is caused largely by a lack of mobile or portable instruments that can quantify H2 concentrations in air. For methane, for instance, laser-based instruments are available that measure CH4 at low concentrations with relatively high precision and fast response. These instruments are used to quantify emission fluxes in chamber measurements, eddy covariance and tower monitoring, and in mobile and aerial measurements. The only commercially available H2 instrument of comparable performance that we know of is the TILDAS H2 Monitor manufactured by Aerodyne since 2024. This instrument was tested recently with controlled-release experiments to quantify H2 emissions using a mobile platform53. However, to our knowledge, no H2 monitors are as yet available for aerial, satellite and long-term tower-based monitoring.
Further work is needed to estimate sources and sinks that are potentially unaccounted for, including geologic seeps, pipeline leakage and vegetation. For example, we had insufficient data to consider geologic sources from geothermal seeps, hot springs and oceanic crusts beyond volcanoes. Moreover, there is limited data on H2 leakage from natural gas systems, despite some commercial natural gas already containing blended H2 (refs. 54,55).
Plant measurements are also needed because vegetation can be both a sink and a source of H2. A Harvard Forest study observed unexpected aboveground emissions of H2 during leaf senescence56, although the mechanism of this emission was unclear. It may be a secondary emission, perhaps the oxidation of VOCs released by plants that are already accounted for in our current H2 budget. However, if it is direct emission from plants, this could be a new source not included at present in H2 budgets. Vegetation may also be an H2 sink, as some research suggests that tree foliage and bark exhibit the capacity to absorb CH4 (refs. 57,58). It is therefore possible, perhaps likely, that H2-producing and H2-consuming microbes coexist, as they do for CH4.
We found that rising atmospheric H2 between 2010 and 2020 contributed to an increase in GSAT of 0.020 ± 0.006 °C. Future climate impact could either decrease or increase depending on H2 usage and leakage rates and CH4 emissions but is expected to remain within 0.01–0.05 °C under IPCC marker SSP scenarios. Our results underscore the need for a deeper scientific understanding of the global hydrogen cycle and its links to radiative forcing to support a climate-safe and sustainable hydrogen economy.
Methods
Chemical oxidation of CH4

The H2 production rate from the chemical oxidation of CH4 was estimated based on its temperature-dependent reaction rates with OH (ref. 60), which produces HCHO that subsequently forms H2 through further photolysis (Supplementary Note 3). We ignored H2 produced from the CH4 + O one-dimensional reaction pathway61,62, which accounts for less than 5% of CH4 loss in the atmosphere63.
The overall fraction of H2 produced in the global CH4 reaction chain can be calculated for each time step as
$${P}_{{{\rm{CH}}}_{4}:{{\rm{H}}}_{2}}=\int {k}_{1}(T)\times [{\rm{OH}}]\times [{{\rm{CH}}}_{4}]\times {F}_{{{\rm{H}}}_{2}}$$
 (1) 
where k1(T) is the temperature-dependent reaction rate between CH4 and OH, \({F}_{{{\rm{H}}}_{2}}\) is the total yield factor of H2 within the whole chain, and [OH] and [CH4] are the tropospheric OH and CH4 concentrations, respectively. \({P}_{{{\rm{CH}}}_{4}:{{\rm{H}}}_{2}}\) is usually simplified by applying a global mean of [OH], k1(T), [CH4] and \({F}_{{{\rm{H}}}_{2}}\) in previous studies17,21, which can lead to large uncertainty and bias because a large variation of the global mean must be included, considering the inhomogeneous distribution of the chemical species and the reaction rates. Here, we improved the estimation by considering spatial distribution and temporal variations of H2 production from CH4 oxidation using available data from data assimilation and atmospheric chemistry model simulations. The \({P}_{{{\rm{CH}}}_{4}:{{\rm{H}}}_{2}}\) was estimated by integrating global grids with a spatial resolution at 3.75° (longitude) × 1.875°(latitude) and a temporal resolution of 3 h (3-D), which substantially reduced the uncertainty of our estimates.
The 3-D distribution of \({k}_{1}(T)\) was estimated using the temperature field from ERA-Interim reanalysis meteorology data64. We used eight [OH] fields and three [CH4] fields to produce 24-member estimates to obtain an ensemble-based mean estimate. The eight [OH] fields were obtained from the INVAST model and seven CMIP6 (refs. 65,66) models: CESM2-WACCM (ref. 67), EC-Earth3-AerChem (ref. 68), GISS-E2.1-G (ref. 69), GISS-E2.1-H (ref. 70), GISS-E2.2-G (ref. 71), MPI-ESM-1.2-HAM (ref. 72) and MRI-ESM2.0 (ref. 73). For the CMIP6 runs, we used the historical simulations that cover 1990–2014 supplemented with the SSP3-70 scenario simulation for the 2015–2020 period. The SSP3-70 scenario simulation did not consider the impact of COVID-19 on OH changes 2020, which was corrected using change ratios from INVAST. The three 3D distributions of tropospheric CH4 were produced by atmospheric transport models after surface measurement assimilation, which are CIF-LMDz (ref. 74), MIROC4-ACTM (ref. 63) and NISMON (ref. 75), respectively. The 3D \({F}_{{{\rm{H}}}_{2}}\) was computed based on the reaction chain, in which grid level values range from 0.25 to 0.7 and global mean ranges from 0.41 to 0.43 (Supplementary Note 3).
We found that our ensemble of OH fields overestimates CH4 oxidation, yielding a global mean oxidation of 517 Tg CH4 yr−1 over 2007–2018, compared with the IPCC AR6 top-down estimate of 472 Tg CH4 yr−1. Furthermore, our ensemble underestimates the uncertainty associated with OH-driven CH4 oxidation (about 8%) and H2 production (about 10%) when compared with the approximately 11% uncertainty in CH4 lifetime reported in AR6. Notably, our estimate is bottom-up, and the tendency of bottom-up models to overestimate oxidation fluxes is well-documented51, which is one reason why IPCC AR6 prioritizes top-down values for CH4 budget assessments. To reconcile these differences, we corrected the H2 production from CH4 oxidation by scaling our bottom-up H2 fluxes to match the AR6 CH4 oxidation value. Specifically, we applied a constant scaling factor of 472/519 ≈ 0.913 to the H2 production from CH4 oxidation.
To propagate the uncertainty in CH4 oxidation into the H2 production estimate, we estimated the new standard deviation (SD) as
$${{\rm{SD}}}_{{{\rm{H}}}_{2}-{\rm{production}}}^{{\prime} }={\rm{sqrt}}({\left(\frac{{{\rm{SD}}}_{{{\rm{H}}}_{2}-{\rm{production}}}}{{{\rm{SD}}}_{{{\rm{CH}}}_{4}{\rm{oxidation}}}}\right)}^{2}+{\left(\frac{{{\rm{SD}}}_{{{\rm{IPCC\; CH}}}_{4}{\rm{lifetime}}}}{{{\rm{Mean}}}_{{{\rm{IPCC\; CH}}}_{4}{\rm{liftime}}}}\right)}^{2})$$
 (2) 
where \({{\rm{SD}}}_{{{\rm{H}}}_{2}-{\rm{production}}}^{{\prime} }\) is the new SD for H2 production from CH4–OH oxidation, \({{\rm{SD}}}_{{{\rm{H}}}_{2}-{\rm{production}}}\) is the old SD for H2 production from CH4–OH oxidation and \({{\rm{SD}}}_{{{\rm{CH}}}_{4}{\rm{oxidation}}}\) is the SD for oxidized CH4 through reacting with OH estimated using our ensemble of OH and CH4 fields. \({{\rm{SD}}}_{{{\rm{IPCC\; CH}}}_{4}{\rm{lifetime}}}\) and \({{\rm{Mean}}}_{{{\rm{IPCC\; CH}}}_{4}{\rm{liftime}}}\) are taken from IPCC AR6, which are 1.1 years and 9.7 years, respectively.
Oxidation of NMVOC
NMVOCs are more reactive than CH4, and their chemical reaction chains to produce H2 are also more complicated and less understood. Moreover, estimates of precursor NMVOC emissions for many species are more uncertain than for CH4 because the emissions are smaller than CH4 and the sources are less clear. Owing to these uncertainties, the estimates of their contribution to the global production of H2 are more difficult and uncertain. We adopted global emission data of NMVOC from a few recently improved dataset76,77,78 (Supplementary Notes 4 and 5) to estimate H2 production from the oxidation of NMVOC.
We used the method in ref. 21, later adopted in ref. 17. Briefly, the global production rate of H2 from the oxidation of a given species of NMVOC can be approximated by
$$\underline{{P}_{{\text{NMVOC}}_{i},{{\rm{H}}}_{2}}}={S}_{i}\times \underline{{Y}_{i}}\times \underline{{F}_{{{\rm{H}}}_{2}}^{{\rm{{\prime} }}}}\times ({m}_{{{\rm{H}}}_{2}}/{m}_{{\rm{C}}})$$
 (3) 
where Si is the global emission rate of NMVOCi in Tg C yr−1,\(\underline{{Y}_{i}}\) is the global average yield of HCHO per carbon atom in NMVOCi. \(\underline{{F}_{{{\rm{H}}}_{2}}^{{\rm{{\prime} }}}}\) is the average fraction of HCHO that forms H2, which is 0.31 ± 0.1 (ref. 17), \({m}_{{{\rm{H}}}_{2}}/{m}_{{\rm{C}}}\) is the mass ratio between hydrogen and the carbon atom, that is, ⅙. We adopted \(\underline{{Y}_{i}}\) that is compiled based on refs. 17,21,31 (Supplementary Note 6).
The most important NMVOCs for H2 production are isoprene (C5H8), monoterpenes (C10Hx) and methanol (CH3OH), mostly from biogenic sources. We, therefore, provided an estimate of H2 production from biogenic isoprene, monoterpenes and methanol individually, and for all other minor biogenic NMVOCs collectively. We used CAMS-GLOB-BIO v.3.1, v.3.0 and v.1.2 (refs. 48,79), MEGAN_MACC (ref. 79) and MEGAN v.3.2 (ref. 80) as our main datasets to obtain global total and gridded biogenic NMVOC emissions (Supplementary Note 4).
We also consider H2 production from the oxidation of NMVOCs released from biomass burning and anthropogenic sources. The total NMVOC emission from wildfires is estimated using NMVOC emission factors computed based on species-level emission factors reported in ref. 81 and databases of grand total dry biomass burnt in different categories (Supplementary Note 5).
The total other anthropogenic NMVOC from fossil fuel combustion, biofuel combustion and other processes were acquired from three datasets. The three datasets are the widely used Emission Database for Global Atmospheric Research (EDGAR) v.8.1 (ref. 82), Community Emissions Data System (CEDS) v_2021_11_25 (ref. 77) and ECLIPSE v.6b (ref. 83) (Supplementary Note 5).
To cross-validate our estimate of total photochemical sources of H2, we also used a second method based on satellite-observed formaldehyde (HCHO) (ref. 26) to estimate total H2 production rates from photochemical oxidation (Supplementary Note 7). Both estimates show a similar increasing trend (r = 0.87) during 2005–2017, and both estimates are similar (40.5 ± 5.1 Tg yr−1 compared with 38.6 ± 1.6 Tg yr−1) during the common period 2008–2017.
Given that not all biogenic and fire NMVOC emission datasets provided data before 2000, we used a reduced number of datasets for the period 1990–2000 to ensure a complete three-decade series estimate. For biogenic NMVOC emissions, we used the single MEGAN_MACC dataset for years before 2000, but we scaled the data with a constant so its 2010–2020 mean equals the 2010–2020 ensemble mean based on all biogenic emission datasets. For fire emissions, we used the historic global biomass burning emissions for CMIP6 (BB4CMIP)84 before 2003 and again scaled it with a constant number making its 2010–2020 mean equal to the 2010–2020 mean based on the ensemble fire emission datasets.
Fossil fuel combustion
Incomplete combustion of fossil fuel produces CO, which in direct exhaust can produce H2 through the water–gas shift reaction:
$$\mathrm{CO}+{{\rm{H}}}_{2}{\rm{O}}\,\Longleftrightarrow \,{\mathrm{CO}}_{2}+{{\rm{H}}}_{2}$$
 (4) 
Although CO emission factors from fossil fuel combustions are known from a range of measurements, there are few measurements of H2 emission factors. However, equation (4) suggests that the production of H2 and CO are tightly coupled. Therefore, H2 emissions from fossil fuel combustion were estimated by scaling against the better-known CO emissions, using H2/CO emission ratios for different processes. We determined H2/CO emission ratios from a few sources for different sectors of fossil fuel usage (Supplementary Note 8).
The global amounts of CO emissions were obtained from the widely used and latest version of the EDGAR v.8.1 (ref. 85), the CEDS v_2024_11_25 (ref. 86) and the Greenhouse Gas–Air Pollution Interactions and Synergies (GAINS ECLIPSE v.6b) (ref. 83).
Biomass combustion
We estimated direct H2 emission from biomass combustion, including wildfires and biofuels. For wildfires, we estimated the H2 emission using emission factors reported in ref. 81 and the total amount of dry matter burnt by different combustion types from the latest version of four widely used database inventories: Fire Inventory from NCAR (FINN), Global Fire Emission Database (GFED), Quick Fire Emission Dataset (QFED) and Global Fire Assimilation System (GFAS). The uncertainty in our estimate considered both the spread among different estimates of burnt dry matter and uncertainty around emission factors (Supplementary Note 5). None of these fire datasets provided data before 2000, and some started in 2003. Therefore, we used the historic global biomass burning emissions for CMIP6 (BB4CMIP)84 before 2003 and scaled it with a constant number making its 2010–2020 mean equal to the 2010–2020 mean based on the ensemble fire emission datasets to obtain a complete time series for 1990–2020.
For biofuel, similarly as for fossil fuels, we used CO emissions from the latest version of the Emission Database for Global Atmospheric Research (EDGAR_81) (ref. 85), the Community Emissions Data System (CEDS v_2024_11_25) (ref. 86) and the Greenhouse Gas–Air Pollution Interactions and Synergies (GAINS ECLIPSE v.6b) (ref. 83). Only CEDS v_2024_11_25 has separated the emission from biofuels and fossil fuels. We, therefore, applied the same ratios of emission of CO from biofuels and fossil fuels in the same sectors from CEDS v_2024_11_25 to the other two datasets. We then used the H2 to CO emission ratios compiled from the latest literature (Supplementary Note 8) to estimate H2 emissions.
Leakage from H2 production
At present, the average global leakage rate for H2 production and distribution is relatively unconstrained. Rare measurements have been taken for the losses of gaseous H2 from its production and distribution. A previous study87 reported that losses of gaseous H2 are less than 1%, whereas those of liquid H2 are of the order of 1–10% based on a distribution grid in Germany. Another study33 used a total loss rate range of 1–4% for 2010. Because we estimate only the H2 leakage from production, we adopted a leakage rate based on several studies: (1) the Frazer–Nash Consultancy estimated an H2 leakage rate of 0.5% in the process of production88; (2) ref. 89 reported grey hydrogen production based on steam methane reforming could have a less than 1% total leakage rate; (3) ref. 90 estimated the leakage rate from blue hydrogen production to be approximately 1.5% based on a combination of natural gas leakage data and what is known about the correlation between hydrogen leakage properties and those of natural gas; (4) venting and fugitive losses often happen for natural gas production and processing; yet its leakage rate of natural gas ranges from about 0.6% (ref. 91) to about 1.45% (ref. 92). Therefore, in this study, we adopt a 1 ± 0.5% leakage rate for production.
Global production of H2 has more than tripled since 1975 (ref. 93) and will continue to rise. We take the global total demand of H2 from IEA93 (Supplementary Note 9), because the total production of H2 equals its total consumption. We linearly interpolated the total production of H2 for years not reported in IEA between 1990 and 202093.
H2 from biological nitrogen fixation
Using the direct measurement of H2 release from clover fields, a previous study34 estimated a global emission of H2 from N fixation in land at 2.4–4.9 Tg yr−1, which forms the basis for most later bottom-up estimates17,21,27,28. This source may have changed with time, for instance, because of land use and land cover changes such as cropland expansion and deforestation. To obtain a new estimate for our study period, we searched simulated outputs from models that participated in TRENDY v.10 or v.11 (ref. 94) (trends in the land carbon cycle) and obtained grid-based nitrogen fixation rates from eight TRENDY models (Supplementary Note 10). We assumed a constant ratio between H2 production and nitrogen fixation across different land cover types. We then applied the ratios of 0.032 ± 0.02, according to the nitrogen fixation rate and hydrogen production rate measured in clover fields34 and potted peanuts (Supplementary Notes 11 and 17).
Estimates of global H2 source from the oceans were carried out before by extrapolating site-measured H2 concentration to global oceans and applying the film model, which ranges from 2 Tg H2 yr−1 to 4 Tg H2 yr−1 because of different assumptions of H2 solubility in seawater17. These early estimates were lower than later estimates that are based on global oceanic N fixation rate, mainly because early measurements of H2 concentration were mainly in the North and South Atlantic and missed the Pacific, which seems to have much higher N2 fixation rates17. The recent estimate of H2 emission from N2 fixation rate assumes that the main part of H2 in oceanic water must come from nitrogen fixation by cyanobacteria. Specifically, ref. 29 estimated a global H2 emission from the oceans of 6 Tg H2 yr−1, based on a global oceanic N2 fixation rate of 150 Tg N yr−1, a stoichiometry of 1:1 for the moles of H2 produced per mole of N2 and an internal H2 loss rate of 0.45 (that is, a H2/N2 net production ratio at 0.55). We refined the oceanic source estimate of H2 by applying a similar methodology with updated global microbial N fixation data and new H2/N2 net production estimates derived from both field and laboratory incubation measurements. Based on a few contemporary estimates95,96,97,98 of global total marine fixation that is constrained by in situ measures, we adopted a total marine N fixation of 160 ± 60. To obtain a time series estimate from 1990 and a spatial estimate, we have obtained oceanic N fixation data from the NEMO-PlankTOM model and scaled the model data to make its 2010–2020 total N fixation equal to 160 Tg N yr−1. Although studies remain limited, we compiled a net H2/N2 production ratio of 0.43 ± 0.2 from a few recent studies (Supplementary Note 11).
Other minor sources
There are other minor sources of H2, which, when added together, are not negligible. One well-known source of H2 is from geological origins such as emissions from volcanoes, surface gas seeps, hot springs, mining sites, and oil and gas wells55. A previous study55 estimated the total geological origin of natural hydrogen of 23 ± 8 Tg H2 yr−1. This number is not adopted here because (1) it is too large to provide a useful constraint on our H2 budget and (2) a large part of it is deep oceanic sources (mid-oceanic rifts, oceanic crust serpentinization, the basaltic layer of oceanic crust and so on), which may hardly vent through the water surface and make it into the atmosphere. For the natural geologic origin of H2 sources, we consider only volcanic emissions. Another study99 made an early estimate of the average emission rate of 0.2 Tg H2 yr−1. Later, ref. 100 estimated 0.24 Tg H2 yr−1 for just subaerial volcanoes. Recently, ref. 101 estimated that the emission rate is 0.18–0.69 Tg H2 yr−1 for subaerial volcanoes and 0.02–0.05 Tg H2 yr−1 for mid-ocean ridge volcanoes. Combining these data sources, we estimate the emission rate of H2 from volcanoes as 0.32 ± 0.1 Tg H2 yr−1.
Fermentation processes in waterlogged soils and the digestive tracts of animals release both methane and hydrogen. Although there are many studies on the emission rate of methane, rare data and research can be found on hydrogen. A previous study102 measured an H2/CH4 emission ratio of 0.008 mol mol−1 in the flooded freshwater wetland; another study103 measured a H2/CH4 emission ratio of 0.0098 mol mol−1 and 0.005 mol mol−1 at two rice fields in Beijing and Guangzhou, China, respectively; and ref. 104 also reported an H2/CH4 ratio in a rice paddy at 0.006 mol mol−1. Using this sparse information, we adopt an average of 0.007 mol mol−1 H2/CH4 emission ratio and assume it is the same for similar systems, including paddy rice, landfills and waste treatment, and wetlands, which are estimated to have global CH4 emission as 32 [25–37] Tg CH4 yr−1, 69 [56–80] Tg CH4 yr−1 and 159 [119–203] Tg CH4 yr−1, respectively, during 2010–2020. Combining these data, we estimate a total H2 emission of 0.23 ± 0.05 Tg H2 yr−1 for these fermentation systems. Similar methods were used to estimate emissions from enteric fermentation in livestock and wild animals. There are some, but not many, measurements of H2/CH4 emission from livestock. We have collected these measurements (Supplementary Note 12) and adopted a median value of 0.022 mol mol−1, which is slightly higher than the value used in ref. 17 based on no real measurement of emission. Some wild animals have a fermentation process occurring in their rumen similar to domesticated livestock and, therefore, can produce CH4 and H2 too. Manures are found to produce H2 as well105. The same H2/CH4 ratio is assumed for ruminant emissions from other wild animals and manure management due to a lack of data. The Global Carbon Project estimated 112 [107–118] Tg CH4 yr−1 for livestock and manure management and 2 [1–3] g CH4 yr−1 for wild animals during 2010–2020 (ref. 106). Using this information, we estimate the total global H2 production from livestock production and wild animals as 0.31 ± 0.1Tg H2 yr−1.
Termites are also important H2 emitters from fermentation, as pointed out very early in ref. 107. We estimate the H2 emissions from termites also based on the reported H2/CH4 emission ratios108,109,110,111 (Supplementary Note 12). These studies measured H2/CH4 emission ratio from various termite species with varying diets, and we adopted the median value of 1.2 mol mol−1. Adopting the global CH4 emission of 10 [4–16] Tg CH4 yr−1 during 2010–2020 from the Global Methane Budget106, we estimated H2 emission from termites at 1.5 ± 0.9Tg H2 yr−1.
Human breath contains varying amounts of H2 as suggested by the clinic breath test. Assuming an average of 25 ppm H2 from human breath17 and an average breathing rate of about 11 kg air day−1 for a human being, we estimate the total release of H2 from humans as 0.048 Tg yr−1 based on an average global population of 7.37 billion during 2010–2020.
There are two other minor volume photochemical sources identified, that is, the oxidation of ozone (O3) and glyoxal (CHOCHO) (Supplementary Note 13). The yielding rate of H2 from photolysis of O3 has been measured to be 1 [0, 1.5]% (ref. 112) and 0.6 [0, 1.3]% (ref. 113). We thus adopted a median rate of 0.7 ± 0.7. A previous study114 estimated the total chemical loss of O3 at 4,360 Tg yr−1 for recent years using the latest GEOS-Chem chemical transport model combined with advanced satellite, aircraft and ground station observations. Out of this, 51% (ref. 114), that is, 2,180 Tg, is lost through the photolysis path (Supplementary Note 13) that produces H2. Using these data, we directly estimate the global production of H2 from O3 oxidation as 0.64 ± 0.64 Tg H2 yr−1. Glyoxal is mainly formed in the oxidation of VOC, similar to the production of HCHO through VOC oxidation. The global source of glyoxal is about 48 ± 8 Tg yr−1 (refs. 115,116,117). Also, the yielding rate of H2 of glyoxal oxidation (equation (R3b) in Supplementary Note 13) equals that of HCHO oxidation (equation (R3) in Supplementary Note 3). Adopting the yielding rate of the HCHO process of H2 production at 0.65 ± 0.15×0.6 ± 0.1 (ref. 17), we estimate an H2 production of 0.65 ± 0.2 Tg H2 yr−1.
Reaction with OH
H2 can be removed from the atmosphere by reaction with OH:
$${\text{H}}_{2}+\text{OH}\to {\text{H}}_{2}{\rm{O}}+{\rm{H}}$$
 (5) 
The global loss of H2 by this reaction can be estimated by integration over a 3D space:
$${L}_{{{\rm{H}}}_{2}\text{:}{\rm{OH}}}=\int {k}_{5}(T)\times [{\rm{OH}}]\times [{{\rm{H}}}_{2}]$$
 (6) 
where, the temperature-dependent reaction rate (k5(T) = 2.8 × 10−12 × exp(−1,800/T) mol−1 cm3 s−1) is estimated using the ERA-Interim reanalysis meteorology data64, and the [OH] is taken from model-simulated 3D [OH] fields, as mentioned earlier. We used our 3D distribution of H2 produced through kriging interpolation (Supplementary Note 1). The same scaling and uncertainty propagation approach used for estimating H2 production from CH4 oxidation was also applied here to scale H2 loss from its reaction with OH and adjust the corresponding uncertainties.
Soil uptake
There is plenty of evidence for uptake of H2 in soils containing organic carbon from observations in both the laboratory and the field41,118. A mini review of previous studies of soil H2 uptake was provided in Supplementary Note 14.
We adopted the process-based model developed in ref. 41 as the main model to estimate the monthly deposition rates from 1992 to 2020. Details of this model can be found in ref. 41.
To also account for the uncertainty in estimating soil properties that influence hydrogen uptake velocities, soil data of the top layer (about 10 cm depth) were obtained from simulations of a group of dynamic global vegetation models. These models include eight models that participated in TRENDY v.10 project94, as contributions to the Global Carbon Budget 2021 (ref. 119) and another two models—SPLASH (simple process-led algorithms for simulating habitats)120 and the global land data assimilation system (GLDAS) reanalysis data. The eight TRENDY dynamic global vegetation models are LPX-BERN, JULES, ORCHIDEE, CABLE-POP, VISIT, JSBACH, CLASSIC and CLM5.0, which account for various soil characteristics to simulate land–atmosphere flux. We used both the input soil parameters, including the clay fraction of soil, sand fraction of soil and total soil porosity of these models, as well as simulated monthly soil temperature, soil moisture and snow depths. An exception is SPLASH because the current version could not properly simulate soil temperature, and we used GLDAS soil temperature instead.
To account for uncertainties arising from different parameterizations, we considered another six additional parameterizations (Supplementary Note 15). These include (1) adopting the diffusion scheme used in refs. 19,22,121; (2) adding the effect of dry top layers acting as a diffusion barrier, following ref. 122; (3) instead of using net productivity or Normalized Difference Vegetation Index to constrain H2 deposition velocities, adapting the scheme from ref. 22 that using soil carbon content to constrain; (4) adopting the scheme of soil moisture content regulation from ref. 122; (5) Changing the maximum biological uptake (kmax) to a low bound value (0.01226 s−1) based on measurement in ref. 123 and a high value (0.1 s−1) derived from ref. 122. A previous study124 developed a new parameterization on soil moisture regulation of kmax, using a function on soil water potential with an activation threshold at the wilting point. We did not include it because the required values for soil-type-specific coefficients provided in ref. 124 shall not be directly used for TENDY soil products, as their soil texture or types may be different from those used in that paper to derive those values. With an ensemble of 10 models for simulating soil properties, this parameterization is difficult to apply because the coefficient values must be re-derived for different soil types across different models.
In summary, we estimated an ensemble of monthly H2 deposition velocities using 10 sets of soil inputs and seven model parameterizations for modelling H2 deposition velocities, resulting in a total of 70 model runs. Applying the observed H2 mixing ratio in the atmosphere (Supplementary Note 1) to these deposition velocities, we then estimated an ensemble H2 uptake rate by soil.
Hydrogen climate impact
Increasing atmospheric H2 leads to indirect climate impacts, and its future concentration and climate impact will depend on how both sources and sinks change over time.
To estimate the climate impact of changing H2 concentrations in the future H2 economy, we used v.4.0-alpha-1 of the compact Earth system model OSCAR to simulate the CH4–H2 system. We updated the published OSCAR v.3.3 (ref. 125) with three key changes: updated tropospheric and stratospheric lifetimes of all non-CO2 greenhouse gases, updated radiative forcing of short-lived species (aerosols and ozone) and the inclusion of the H2 biogeochemical cycle. The integration of H2 biogeochemical cycle into OSCAR covers two aspects: the representation of the H2 cycle and budget, and the integration of its impact on tropospheric OH lifetimes (which feed back on species affected by OH such as CH4) and on the effective radiative forcing of ozone and stratospheric water vapour (direct impact of H2 and indirect impact through changes in CH4). The detailed description of the model is provided in Supplementary Note 16.
To isolate the contribution of H2 to climate change and avoid too many interactions in the Earth system, we isolate the CH4 and H2 cycles and their interactions by prescribing the atmospheric concentrations of all other greenhouse gases (CO2, N2O and 48 halogenated compounds) to the model. We also prescribed the effective radiative forcings from forcers that are not directly related to the CH4–H2 system in the model (all aerosols, aviation-induced cloudiness, light-absorbing particles on snow, albedo from land use change, stratospheric volcanic aerosols and solar activity). The resulting system describes the evolution of atmospheric CH4, atmospheric H2, stratospheric water vapour and tropospheric and stratospheric O3, as well as the global climate change induced by these forcers and the prescribed ones. Apart from the atmospheric concentrations and effective radiative forcings listed above, the resulting model is driven by time series of anthropogenic and biomass burning emissions of H2, CH4, NOx, CO and VOCs.
Using time series forcing data (Supplementary Note 16), we simulated past and future changes in the CH4–H2 system to estimate the climate impact of hydrogen. Several sets of preliminary simulations, including both concentration-driven and climate-driven scenarios, were conducted over the historical period to assess the ability of the model to reproduce the evaluated budget and to estimate any budget imbalance through mass conservation. These were performed before the main simulation. The main simulation is emission-driven for both the historical and future periods, in which we incorporated previously diagnosed missing fluxes from unrepresented processes to accurately reproduce reconstructed historical atmospheric concentrations. This main simulation was then compared with a counterfactual scenario in which atmospheric H2 levels were fixed at preindustrial values, allowing us to quantify the climate impact of the lack of representation of H2 in climate projections.
The H2-cycling-related input data for historical and future simulations are either based on or constrained by our budget (Supplementary Note 16). For future simulations, we consider only a few typical warming scenarios, that is, different marker SSP scenarios (SSP5-85, SSP4-60, SSP4-34, SSP2-45, SSP1-26 and SSP1-19; SSP3 is excluded as no hydrogen-related variable was reported). The scenarios provide projections of the concentrations and emissions of CH4, NOx, CO, VOCs and other gases needed for our climate model, as well as the total usage of H2. To estimate projected H2 concentrations in these SSP scenarios, H2 emissions excluding leakage are derived from precursor emissions (for example, CO, CH4 and NMVOCs) in the same way as for the historical period and scaled to match our 2020 estimates. The H2 leakage was estimated by combining future H2 usage data from the IPCC AR6 database and possible hydrogen leakage rates.
As more hydrogen is used in the economy, the production methods and uses of hydrogen will evolve, altering the extent and likelihood of hydrogen leakage. Future consumption of hydrogen is likely to be more distributed, for instance, in vehicles or blended into pipeline gas, and will no longer be mostly co-located with the production sites. Hydrogen end uses will be more diverse, involving sections such as blending with natural gas, iron and steel, electricity generation, road transport, chemical synthetic fuels, refineries, shipping and aviation, and buildings. Furthermore, the production technology of H2 is also likely to evolve, with more hydrogen being green hydrogen instead of grey and blue hydrogen. All these factors will contribute to varying leakage rates in the future and H2 is generally considered more prone to leakage than CH4 because of its smaller molecule size unless specific mitigation measures are implemented. However, as mentioned above, there is still limited empirical data available to constrain the estimate of future leakage rates. Reported leakage rates across different components of the hydrogen value chain vary substantially—from as low as 0.0001% to as high as 20% (refs. 126,127). However, the average economy-wide leakage rates are expected to be less extreme10,127. Following the most recent studies on assessing the climate benefits of H2 (refs. 3,11,50,128), we adopted an economy-wide hydrogen leakage range of 1–10%.
Uncertainties and limitations
Our analysis and synthesis of H2 fluxes are based on a range of bottom-up inventories and models, subject to various uncertainties and limitations. First, many process-based models are used, including those for modelling H2 directly (for example, the soil uptake model), for modelling input data to the H2 model (for example, the TRENDY models) and for modelling precursor species and activities (for example, the models for estimating NMVOC emissions and the NEMO-PlankTOM ocean model for estimating BNF). These models include uncertainty associated with differences in model configuration as well as process parameterization, although the same forcings are applied to the same group of models to reduce variation among models (for example, TRENDY models). Second, inventories of precursor gases (for example, CH4 and CO) include uncertainties originating from the underlying statistical activity data and emission factors they are based on refs. 77,129, regardless of the tiered approach used. These uncertainties contribute to our estimate of H2 flux. For instance, waste management and solid biomass combustion are hard to track, partially because of informal and small-scale consumption or applications, leading to high uncertainty in the estimate of CH4 and CO emissions and, therefore, related H2 emissions. Last, there are limitations associated with the H2 emission and yield factors because of limited measurement and variation among sources and regions. We used global and time constant H2 yield factors from NMVOC and emission factors for transportation. However, these factors could vary across space and time because of different atmospheric or technological conditions, among NMVOC species, and among different types of vehicles. As more empirical data become available, a more detailed and comprehensive treatment of these emission and yield factors shall be needed to improve the estimate. Although we did not optimize any sink/source terms as in top-down inversion studies, top-down estimates were still used for constraining some terms. One maximal biological uptake value (that is, 0.038 s−1) was tuned to match the global mean soil update from a top-down estimate41, whereas two others were derived from an experiment or a soil moisture parameterization scheme to reduce this dependence. Our 3D CH4 concentrations were obtained from top-down inversions, and our CH4 and OH oxidation terms were calibrated to match top-down CH4 oxidation estimates. This dependence could be alleviated in the future through reliable measurements of the maximal biological uptake rate and the development of more consistent, better constrained OH fields.
In this study, we try to track and quantify the propagated uncertainties as much as possible, but we acknowledge that we could not include all sources of uncertainty. We collect as much activity data as possible, precursor gas emission data and emission factors. Our estimate of H2 sink/sources was then based on the mean value of these ensemble collections, and the ensemble standard deviation was used to represent the uncertainty of the estimate. The uncertainty estimate in terms of standard deviation in our analysis includes all levels of uncertainties: (1) uncertainty of each single data source of activity or precursor gas emission if it is available; (2) variation among different data sources for each activity type or precursor gas species; (3) variation among emission factors for both precursor gas and H2 when a collection of measurements is available; (4) different model input data and parameterization in case of process modelling (that is, the soil H2 uptake modelling). When adding terms (that is, different inventories of gas emissions), the resulting standard deviation is computed as the square root of the sum of variances of all terms, assuming each term is normally distributed and independent. When multiplying terms, Monte Carlo simulations are applied in R language to compute the final standard deviation.
Data availability
Anthropogenic emission data: CEDS data are available from https://aims2.llnl.gov/search/input4MIPs/, EDGAR v.8.1 is available from https://edgar.jrc.ec.europa.eu/dataset_ap81/, ECLIPSE v.6b is available from https://iiasa.ac.at/models-tools-data/global-emission-fields-of-air-pollutants-and-ghgs/. Fire burning and emission data: GFED is available from https://www.globalfiredata.org/, FINN is available from https://rda.ucar.edu/datasets/d312009/, GFAS is available from ECMWF at https://www.ecmwf.int/en/forecasts/dataset/global-fire-assimilation-system, and QFED is available from https://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/QFED/v2018-07/. CMIP6 fire data is obtained from https://aims2.llnl.gov/search/input4MIPs/. Biogenic VOC emission data: MEGANv3.2 VOC is obtained from https://www.scidb.cn/en/detail?dataSetId=f1cdb0cfbd70410d88f491a75844912b, and CAMS-GLOB-BIOv1.2, CAMS-GLOB-BIOv3.0, CAMS-GLOB-BIOv3.1, and MEGAN-MACC are obtained from https://eccad.aeris-data.fr/. OH fields and CH4 fields: INVAST OH Fields can be requested from Didier Hauglustaine, other seven CMIP6 OH fields are available from https://aims2.llnl.gov/search/input4MIPs/, The three CH4 fields can be requested from Marielle Saunois and Prabir K. Patra. Soil attributes: GLDAS data are available from https://ldas.gsfc.nasa.gov/gldas, and TRENDY model data are obtained from individual modelers and also partially available at https://mdosullivan.github.io/GCB/. Different emission factors are summarized in Supplementary Information, and the gridded H2 sinks and sources data produced in this study is available at Zenodo (https://zenodo.org/records/17162658). Figure 2 is created using Adobe Illustrator.  Source data are provided with this paper.
Code availability
The OSCAR compact Earth system model code is available at Zenodo125 (https://zenodo.org/records/10548477), whereas other analysing and modelling code can be required from the leading authors.
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Extended Data Fig. 1 The spatial distribution of H2 sinks and sources.
These include direct emission from wildfires (a), Biofuel (b), Biogenic Nitrogen Fixation (BNF) (c), fossil Fuel usage (d), and production from oxidation of biogenic non-methane volatile organic compounds (NMVOC) (e), anthropogenic NMVOC (f), fire emitted NMVOC (g), and methane (h), and sinks of OH reaction (i) and soil uptake (j).
Extended Data Fig. 2 Historical and projected global surface air temperature (GSAT) changes caused by having H2 represented in the model at different economy-wide H2 leakage rates.
This is obtained as the difference between a fully interactive simulation and a counter-factual one in which H2 concentration is kept at preindustrial level. Top-row panels show the historical contribution of H2 to GSAT, as well as to CH4, O3 and stratospheric water vapor (SWV) effective radiative forcings (ERF). All other panels show projected contribution to GSAT, under difference marker SSPs and leakage rates, as indicated in the panels’ titles.
Extended Data Table 1 Mean global sinks and sources (Tg H2 yr−1) averaged for the period 2010–2020
Extended Data Table 2 Summary of available empirical data and critical needs on H2 emissions and uptake
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Abstract
Amazonia is the largest1 and the most species-rich tropical forest region on Earth2, where hundreds of Indigenous cultures and thousands of animal species have interacted over millennia3,4. Although Amazonia offers a unique context to appraise the value of wildlife as a source of food to millions of rural inhabitants, the diversity, geographic extent, volumes and nutritional value of harvested wild meat are unknown. Here, leveraging a dataset comprising 447,438 animals hunted across 625 rural localities, we estimate an annual extraction of 0.57 Mt of undressed animal biomass across Amazonia, equivalent to 0.34 Mt of edible wild meat. Just 20 out of 174 taxa account for 72% of all animals hunted and 84% of the overall biomass extracted. We show that this amount of wild meat can meet nearly half of protein and iron dietary requirements for rural peoples, along with a substantial portion of their needs for B vitamins (18–126%) and zinc (23%). However, wild meat productivity is likely to have decreased by 67% in nearly 500,000 km² of highly deforested areas of Amazonia. Furthermore, the availability of wild meat per capita decreases significantly in areas with higher human population, greater proximity to cities, and more extensive deforestation. These findings highlight the urgent need to preserve the forest to safeguard biodiversity and traditional wild meat food systems, which will be essential for ensuring Amazonian peoples’ well-being and achieving several of the United Nations Sustainable Development Goals5.
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Meat derived from wild animals (hereafter wild meat) is a critical source of dietary protein and income for up to 150 million households across the global south6, making their well-being inextricably linked to the health of the ecosystems that support wildlife habitats and sustain this vital component of traditional food systems7,8. Amazonia, the largest and most biodiverse tropical system on Earth1,2, is home to almost 11 million rural inhabitants, including Indigenous, traditional and small-scale farming peoples (Extended Data Fig. 1 and Methods). Collectively referred to here as Amazonian peoples, these groups rely on hunting, fishing, foraging, swidden agriculture and animal husbandry9. Wild tetrapods—amphibians, reptiles, birds and mammals—along with freshwater fish, constitute vital components of their diets and cultural traditions10.
Amazonia’s unparalleled biocultural diversity provides a unique opportunity to assess wildlife as a critical food source at a near-continental scale. Previous studies have documented hunting practices in specific localities or sub-regions, but their limited geographic scope has hindered understanding of broader spatial patterns and the cumulative impacts of large-scale environmental change. Our dataset—spanning multiple Amazonian cultures and regions over six decades—offers the first spatially explicit, large-scale analysis of hunted animal diversity and the interplay of environmental and anthropogenic factors influencing wild meat productivity, availability, consumption and nutritional contributions. Results show that deforestation and urbanization can reduce wild meat productivity and simplify the composition of hunted taxa, threatening traditional food systems and the nutritional well-being of Amazonian peoples. Safeguarding Amazonia is thus critical for biodiversity conservation, for maintaining ecosystem functions, and for supporting human health11, thereby advancing multiple United Nations Sustainable Development Goals (SDGs)5.
Quantifying hunting in Amazonia
Our analyses draw on primary and secondary data collected between 1965 and 2024, which documents wild tetrapods (mammals, birds, reptiles and amphibians) hunted by Amazonian peoples. Our Marupiara Dataset includes a total of 447,438 individual hunts recorded across 625 rural localities (Fig. 1a and Methods). From this dataset, we derived two key metrics: (1) hunter harvest rate (HHR), as the average number of animals hunted per hunter per day in each locality; and (2) taxon-specific offtake proportion (TSOP) for 174 hunted taxa (classified into species, genera, family, order or subclass), as the proportion of animals hunted from a specific taxon relative to the total animals hunted in each locality.
Fig. 1: Distribution of studied localities and predicted heat maps of individuals and biomass HP and offtake.

a, Distribution of the 625 studied localities with primary data (342), secondary data (290) and information on HHR (301) and TSOP (590). b, Individuals HP—how the overall individual animals HHR (number of individuals hunted per hunter per day) varies with environmental and anthropogenic factors. c, Biomass HP—how the overall animal biomass HHR (biomass extracted in kg per hunter per day) varies with environmental and anthropogenic factors. d, Individuals offtake—total number of individuals hunted per year. e, Biomass offtake—total biomass in kg extracted per year. Individuals and biomass HP predictions represent the potential overall individuals and Biomass HHR of each 10 × 10 km spatial cell, whereas offtake predictions represent the potential catch of individuals and biomass because consider the product between the predicted HP and the number of hunters for each pixel. Amazonian regions: Guiana Shield (GS), northwestern Amazonia (WAN), central Amazonia (CA), southwestern Amazonia (WAS), southern Amazonia (SA) and eastern Amazonia (EA). See Methods for detailed information on the spatial prediction process.
We utilized random forest models12 to spatially predict HHR and TSOP metrics based on 12 environmental and anthropogenic variables, including ecosystem productivity and integrity, environmental conditions, habitat type, topography, human pressure and cultural identity (Methods and Supplementary Methods 1–3). For HHR modelling, we included a variable to account for the hunting registration effort, specifically the number of days over which hunted animals were recorded. This modelling approach allowed us to estimate HHR for all pooled taxa and for each of the 174 hunted taxa individually. In this context, we define harvest productivity (HP) as the potential number of individuals and biomass that can be harvested per hunter across Amazonia, based on how overall HHR for all taxa pooled varies with environmental and anthropogenic factors (Fig. 1b,c). The total number of individual animals (individuals offtake) and biomass (biomass offtake) harvested for all taxa pooled (Fig. 1d,e) and for each taxon separately were spatially predicted by combining the predicted HHR rasters and the derived raster of the number of rural hunters across Amazonia. All metrics and spatial modelling procedures are described in Methods. Our estimates are presented as percentages and mean ± s.d. (0.10–0.90 quantiles).
Harvest productivity
We estimated that there are 1.93 ± 0.08 (1.83–2.04) million rural hunters in Amazonia (Extended Data Fig. 1 and Methods). Our spatial models suggest that a rural Amazonian hunter harvests on average 0.07 ± 0.02 (0.05–0.10) animals or 0.94 ± 0.40 (0.56–1.45) kg biomass per day, amounting to 24.8 ± 8.2 (17.8–35.5) animals or 345.0 ± 145.1 (204.1–531.1) kg per year.
Random forest spatial models predicted higher HP in forested regions of western Amazonia, along the main course of the Amazon River and its major tributaries, as well as in parts of the Guyana Shield and southern western Amazonia (Fig. 1a,b). These areas are characterized by fertile soils, high primary productivity, low to moderate elevations, well-preserved forests and relative isolation from large urban centres. Higher HP was also predicted in historically inhabited territories managed by the Waorani, Itonama, Movima, Warina, Kandoshi-Shapra and Yurucare Indigenous peoples of western Amazonia (Supplementary Methods 2). Full details on the relationships between HHR and environmental and anthropogenic factors, including variable importance, are provided in the Extended Data Fig. 2 and Supplementary Data 1.
Our predicted HP patterns are consistent with broader Amazonian ecosystem dynamics, reflecting the geological history of the region and the resulting variation in soil fertility, forest productivity and turnover, and species and functional composition. Enriched by Andean erosion, the younger and more fertile soils of western Amazonia and floodplains sustain highly productive forests that allocate proportionally more resources to plant reproductive processes such as flower and fruit production rather than photosynthesis13. This enhanced reproductive output supports larger and more diverse animal populations14,15 (Supplementary Data 2), thereby contributing to the higher HP observed in these regions. Notably, our results highlight the complex interplay among environmental and anthropogenic factors that shape wildlife harvesting patterns across Amazonia, with cultural identity emerging as a key predictor of HP (Extended Data Fig. 2 and Supplementary Data 1).
Although our findings provide robust insights, some limitations warrant consideration. Several studies lack clear descriptions of hunter selection criteria—whether participants were chosen randomly or focused on primary hunters in each community—and often do not specify whether reported data represent all, or only a subset, of hunting activities. Moreover, whereas hunting records span from 1965 to 2024, spatial covariates are not consistently available for the entire period. To address this, we matched HHR and TSOP records to the closest corresponding time frame (Methods) and included a variable to account for variation in recording effort across studies (Methods), which emerged as an important predictor in our HHR models. Despite potential constraints in capturing fine-scale local variability, the breadth of our dataset and the consistency of spatiotemporal covariates provide a solid basis for a comprehensive assessment of wildlife harvesting dynamics across Amazonia.
Wildlife offtake
Our spatial predictions of individual and biomass offtake reveal that human population density is a major driver of harvest intensity, with the highest numbers of animals being taken in densely populated rural areas surrounding major Amazonian cities (Fig. 1d,e). Although predicted HP was lower in these areas (Fig. 1b,c), large rural populations result in more hunters and thus greater overall harvest pressure. By contrast, sparsely inhabited interfluves show markedly lower offtake levels (Fig. 1d,e), largely reflecting the scarcity or absence of rural settlements and hunters (Extended Data Fig. 1c,d), despite high variability in predicted HP across these landscapes (Fig. 1b,c).
We estimate that 46.4 ± 10.3 (35.7–56.7) million animals are harvested annually across Amazonia, corresponding to 0.57 ± 0.17 (0.41–0.75) Mt of undressed wild meat. These values fall within the range of previous, non-spatially explicit estimates (0.15–1.29 Mt) in Amazonia16,17.
Hunted taxa composition and dominance
The diversity of wildlife hunted and consumed in Amazonia includes at least 490 species (175 mammals, 264 birds, 40 reptiles and 11 amphibians), here grouped into 174 taxa (Fig. 2, Extended Data Figs. 3−5 and Supplementary Tables 1 and 2). These hunted taxa span 6 orders of magnitude in body size (Fig. 2, Extended Data Fig. 3, Supplementary Table 2 and Supplementary Data 3) and represent roughly 10% of the approximately 4,788 tetrapods known to occur in Amazonia, based on data from the International Union for Conservation of Nature and Natural Resources (IUCN)18.
Fig. 2: The relationship between the annual offtake of the number of individuals hunted and biomass extracted for 174 animal taxa.

Size of dots is proportional to the average taxon-specific body mass and colours represent animal classes. Animal drawings, made by the Indigenous artist and author Jairo Silvestre Apurinã, represent 20 key hunted taxa in order of the total number of individuals hunted, from top left (highest) to bottom right (lowest). The grey vertical line indicates the threshold of 500,000 animals hunted, which was used to define key dominant hunted taxa.
Mammals were the most hunted group, accounting for 66.5% of all individuals hunted, followed by birds (21.6%), reptiles (11.2%) and amphibians (0.006%). The most harvested groups were ungulates (24.4%) and large rodents (23.7%), followed by primates (8.7%), guans and curassows (8.2%), armadillos (5.6%), aquatic birds (4.9%), river turtles (4.6%), tortoises (4.1%) and terrestrial birds, including tinamous, trumpeters and wood quails (4.1%). Mammals contributed most of the biomass (85.5%), followed by reptiles (11.9%), birds (2.5%) and amphibians (< 0.001%). The highest biomass harvested came from ungulates (61.2%), followed by large rodents (15.5%), caimans (6.5%), primates (3.3%), river turtles (3.3%), armadillos (2.4%), tortoises (1.9%) and cracids (1.4%). These offtake patterns on the composition of hunted animals groups are shown in Extended Data Fig. 6.
Only 20 taxa surpassed the threshold of 500,000 animals hunted annually, yet these accounted for 71.7% of all individual animals hunted and 83.6% of the total biomass extracted (Fig. 2). This group included 14 mammals (1 cingulate, 1 carnivore, 3 rodents, 3 primates and 5 ungulates), 4 birds and 2 chelonians, collectively representing 63 animal species, 15 of which are threatened with extinction according to the IUCN Red List of Threatened Species18 (Supplementary Table 3). The white-lipped peccary (Tayassu pecari) and the tapir (Tapirus terrestris) account for about 40% of the total biomass extracted. Harvest patterns for these key hunted taxa are shown in Fig. 3.
Fig. 3: Wild meat extraction heat maps showing predicted animal biomass HP and individual animals offtake across Amazonia of the 20 dominant wild meat taxa.

The 20 dominant hunted taxa were the only ones that surpassed the threshold of 500,000 animals hunted annually. See Methods for detailed information on the spatial prediction process. Animal drawings by Jairo Silvestre Apurinã.
The lowland paca (Cuniculus paca) was the most hunted species by number of individuals in all sub-regions, generally followed by white-lipped peccary. However, regional differences are marked (Fig. 3 and Supplementary Tables 4 and 5). Ungulates dominate harvests in the Guyana Shield, and western and southeastern Amazonia, whereas large rodents are more targeted in central and eastern Amazonia. Large primates, such as woolly monkeys (Lagothrix spp.), spider monkeys (Ateles spp.), howler monkeys (Alouatta spp.) and capuchin monkeys (Sapajus spp.), are more commonly hunted in western Amazonia, whereas armadillos are more frequent in eastern and southeastern Amazonia.
Habitat type also shapes hunting patterns. In flooded forests, Amazonian peoples hunt higher proportions of river turtles, tortoises, caimans, howler monkeys, capybara, manatees and waterfowl (ducks, cormorants and egrets). By contrast, those living in upland terra firme forests, which cover around 86% of Amazonia19, hunt proportionately more tinamous, trumpeters, wood quails, guans and armadillos (Supplementary Tables 6 and 7). Many Amazonian peoples have historically settled in transitional zones between flooded and upland areas20, taking advantage of seasonally complementary resources and adapting management strategies accordingly21.
Cultural identity exerts a strong influence on both HP and TSOP across taxa. With 511 distinct Indigenous peoples22 speaking at least 335 languages23, the remarkable cultural diversity of the Amazonian region reflects millennia of dynamic, reciprocal relationships with nature3,4. Hunting preferences illustrate this diversity: most Aruak peoples highly value ungulates (V.S.S.A. and D.B., personal observations), yet those in Xingu River deliberately avoid them (Y.W. and K.B.K., personal observation), whereas those in southwestern Amazonia focus mostly on primates and large terrestrial birds24. Conversely, several Indigenous peoples in the northwestern Amazonia prize the often overlooked slender-legged tree-frogs (Osteocephalus spp.). These culturally mediated differences highlight the depth and complexity of hunting dynamics, calling for region-specific investigations and a transdisciplinary approach that moves beyond simple environmental or cultural determinism.
Although our models capture TSOP variation well for key hunted taxa, they are less reliable for underrepresented species (Supplementary Data 4). Hunting practices have also shifted over the past six decades in response to cultural and technological shifts. The widespread adoption of rifles has increased hunting efficiency, particularly for large species25, and the growing use of flashlights has intensified pressure on nocturnal animals such as the paca26, now the most hunted species in Amazonia. Furthermore our models do not incorporate recently documented natural population cycles of white-lipped peccaries27, which are likely to influence hunting patterns given this species’ central importance to Amazonian hunters.
Overall wild meat production
We estimated that the annual edible wild meat production in Amazonia amounts to 0.34 ± 0.09 (0.24–0.44) Mt, which represents 58.5% of the total undressed biomass (Methods). As much as 86.4% of the wild meat produced in Amazonia—equivalent to 0.30 ± 0.08 (0.22–0.38) Mt—is derived from the key 20 taxa.
The annual monetary value of this wild meat production is approximately US$2.2 ± 0.6 (1.6–2.8) billion, based on 2024 beef market prices. Accurately assessing the economic value of wild meat remains challenging owing to the often informal or illegal nature of the trade in most of Amazonia. However, this hidden economic value of wild meat production suggests that traditional hunting is a significant ecosystem service for Amazonian peoples, providing affordable, high-quality nutrition and reducing meat expenditures.
Nutritional value of wild meat
We estimated that, on average, 101.0 ± 43.6 (59.1–157.5) g of edible wild meat are available per rural inhabitant per day across Amazonia (Fig. 4), equating to 36.8 ± 15.9 (21.6–57.5) kg per person per year. This estimate falls within the range of results from previous research in the region16, which found per capita wild meat availability ranging from 21 to 191.6 (kg per person per year).
Fig. 4: Predicted heat map of the available wild meat per rural inhabitant across Amazonia.

The spatial distribution of available wild meat per rural inhabitant was derived by multiplying the predicted raster of daily animal biomass offtake by 0.585—the proportion of edible wild meat relative to undressed biomass—to obtain daily edible wild meat production across Amazonia, and subsequently dividing it by the APPS raster, which spatially explicit the number of rural inhabitants per spatial cell.
The level of available wild meat per rural inhabitant estimated here has the potential to meet the dietary reference intakes (DRIs) for vitamin B12 across much of Amazonia, while also significantly contributing to DRIs for protein, iron, zinc and other essential B vitamins and minerals (Table 1). The irreplaceable nutritional value of wild meat is particularly critical for 10.87 million rural inhabitants in Amazonia, providing a highly bioavailable source of protein, all essential amino acids, and vital micronutrients, which are often less accessible in plant-based foods28,29. Higher wild meat availability was linked to better health among children not only in the Amazon30 but also in the Congo Basin31, including higher haemoglobin levels in children and increased household iron and zinc intake32. This is particularly noteworthy in regions where micronutrient deficiencies are widespread, compounded by malaria, intestinal parasites and genetic disorders33.
Table 1 Estimated percentages of daily dietary requirements for energy, macronutrients and micronutrients provided by wild meat in Amazonia
Threats to wild meat food systems
Our spatial analyses revealed the crucial effect of ecosystem integrity on HP in Amazonia. In regions with over 70% deforestation, covering 0.80 M km², we observed a 74.7% decline in the number of individual animals harvested per hunter and a 67.3% reduction in harvested biomass per hunter (Extended Data Fig. 7).
Available wild meat per rural inhabitant was significantly lower in regions with: (1) higher numbers of rural inhabitants; (2) closer proximity to urban centres; and (3) greater deforestation levels (Extended Data Fig. 8). In these more degraded areas, our spatial estimates of TSOP indicate a shift in hunting patterns, with ecological generalists such as the nine-banded armadillo (Dasypus novemcinctus), capybara (Hydrochoerus hydrochaeris), guans (Cracidae, Penelope spp.) and pigeons (Columbidae) becoming proportionally more hunted than in better-conserved forests (Supplementary Table 8). By contrast, large atelid primates such as the woolly, spider and howler monkeys, which are quite vulnerable to the synergistic effects of deforestation and overhunting, are much less hunted in degraded areas (Supplementary Table 8).
Large-scale agriculture, land grabbing, logging, mining, infrastructure development and urbanization have led to deforestation34, increasingly undermining Amazonian peoples’ reliance on biodiversity. The combined effects of deforestation and wildlife overharvesting have produced simplified animal assemblages, with lower species richness and fewer large-bodied species35. These pressures are further compounded by recent climatic changes, including more frequent floods, droughts and large-scale fires34, all of which threaten both habitats and many key hunted taxa36. We recommend that further studies investigate the future impacts of deforestation, wildfires and climate change on animal populations, the supply of wild meat and the territorial dynamics of hunting grounds.
We also predicted higher offtake and lower HP near urban centres, raising concerns about the sustainability of hunting in these areas. High meat demand in densely populated peri-urban areas, coupled with declining wildlife populations37, may shift rural diets toward cheaper domestic meats like chicken38, which generally contains four times less iron, two times less B vitamins, and lower levels of protein and zinc than wild meat39.
Owing to its high cost and the significant logistical challenges of production, transport and storage in remote areas, beef is rarely consumed across most of Amazonia38. Paradoxically, cattle ranching remains the leading driver of deforestation in the region, and contributes to the loss of approximately 0.63 M km² of forest since 1978, primarily to supply domestic meat markets40. Replacing the estimated edible wild meat production of 0.34 Mt with beef, based on current cattle ranching yields in Amazonian traditional pastures41 (0.2–0.8 kg ha−1 day−1), would require converting 7,603–63,803 km² of forest into pasture. According to previous estimates of emissions of approximately 18,000 tonnes of carbon dioxide per square kilometre of deforested Amazonia42, this conversion would release between 140 and 1,160 Mt of CO2—equivalent to up to around 3% of global annual emissions. Even with this substantial environmental and climatic costs, domestic meat production still does not ensure equitable access for rural populations in remote areas.
Managing wild meat food systems
Our study highlights the essential role of traditional hunting and wild meat access in advancing several SDGs of The United Nations Convention on Biological Diversity, supporting nutritional security and health, helping reduce malnutrition, strengthening traditional food systems and promoting sustainable wildlife use and ecosystem conservation across Amazonia (Supplementary Discussion 1). Although the sustainability of hunting in tropical forests and the risks of zoonotic diseases potentially linked to hunting have been intensively debated, we focus on understanding Indigenous and traditional hunting practices and wild meat access within the broader context of achieving the SDGs in Amazonia. We demonstrate that the health of the Amazon Forest is vital to sustaining traditional wild meat food systems and the nutrition of Amazonian peoples. From this evidence, we contend that illegitimate proposals to ban, restrict or replace wild meat without acknowledging its cultural and nutritional significance reflect a colonial mindset that undermines the autonomy and traditional food systems of Amazonian peoples.
We provide new insights into the complex interplay of environmental, cultural and human pressure factors shaping wildlife harvest patterns throughout Amazonia. The finer details of these interactions merit further locally focused research to avoid determinisms. Whereas the SDGs and the IUCN Red List of Threatened Species emphasize global policies and actions, we stress—echoing E. Ostrom43—that wildlife management initiatives must be tailored to local ecological, cultural, socioeconomic and vulnerability nuances, ideally focused on local and regional key hunted taxa and led by Amazonian peoples. Wildlife management initiatives shaped by Amazonian peoples’ demands and cultural practices are more legitimate and more likely to remain viable long-term. Protected areas managed by Indigenous and traditional peoples maintain healthy populations of key hunted species44, even those once commercially over-harvested45. Indigenous and traditional knowledge have an important role in determining the conservation status of animal populations46 and understanding key ecological parameters47, including their densities48, reproductive rates49 and population dynamics27. These factors, along with deforestation35, commercial hunting pressures50, climate change impacts36 and HP, as shown in this research, strongly influence sustainable harvest potentials. Our predictive heat maps offer valuable spatial insights into HP, human–wildlife interactions and human nutrition in Amazonia, supporting more effective policies integrating conservation and public health.
There is evidence that demonstrates that the sustainability of traditional hunting in Amazonia has historically relied on the dispersed pattern of human occupation, low population density and limited spread of hunters across vast, conserved forests50. This mechanism guarantees the preservation of large spatial refuges for terrestrial species, in contrast to aquatic species50, which often require spatial zoning and local agreements to maintain healthy populations51. Although well-preserved forests combined with strong local governance can sustain harvests through source–sink hunting dynamics45, our findings indicate that forest degradation increasingly threatens wild meat productivity, alters hunted species composition and erodes unique traditional food systems. In this context, establishing locally agreed hunting management frameworks may be essential for safeguarding the well-being of Amazonian peoples, ensuring the long-term sustainability of the wildlife on which they depend and reducing the risk of social conflict over hunting grounds.
Amazonian systems of knowledge and practice are grounded in ontologies that attribute agency, personhood and humanity to multiple beings, including animals52, a perspective that must be taken seriously in ecological assessments of hunting and management systems53. For Amazonian peoples, relationships with wildlife are framed not as resource extraction but as social reciprocity governed by norms and ethical obligations54. Dietary restrictions and spatial avoidance act as sophisticated wildlife management mechanisms akin to species-specific protections, spatial zoning rules, and hunting bans55. These culturally embedded practices are effective tools in regulating wildlife harvests and represent the most legitimate management and conservation strategies in Amazonia56. Hunting is deeply intertwined with territoriality, as the mobility of hunters continuously redefines space through the creation and maintenance of path networks57. Wild meat therefore constitutes a vital food source and a social cornerstone, motivating Amazonian peoples to safeguard their territories, and in doing so, contribute to forest and biodiversity conservation. The health of Amazonian ecosystems and wildlife is inextricably linked to the well-being of Amazonian peoples, underscoring the importance of recognizing their land rights and supporting policies that enhance their autonomy and governance over their territories and biodiversity.
Methods
The Marupiara dataset
The name Marupiara is derived from a specific epithet in the Indigenous Tupi language and is traditionally associated with the figure of the good or virtuous hunter. We compiled data from primary and secondary sources on wild tetrapods (mammals, birds, reptiles and amphibians) that are hunted for food by Indigenous, traditional, and small-scale farming peoples in all nine Amazonian countries. Primary data were contributed by researchers involved in 12 long-term and short-term studies conducted in 342 communities in Brazil, Peru and French Guyana between 1991 and 2024 (Supplementary Methods 4). Secondary data were obtained from 203 peer-reviewed articles, technical reports, postgraduate dissertations and theses reporting hunting studies in 290 communities in all nine Amazonian countries between 1965 and 2021 (Supplementary Methods 5).
The composition of hunted taxa, documenting the number of individual animals hunted per taxon, year and locality, which was used to model the TSOP, was recorded in 590 localities. Whenever available, we also included data on hunting effort—specifically the number of hunters surveyed and the number of recording days—which was used to model the HHR. Hunting effort data were available for 301 georeferenced localities.
We also compiled information on the number of hunters and consumers in each locality and year to calculate the hunters-to-consumers ratio, which we used to estimate the number of rural hunters in Amazonia based on regional population figures. Each locality was georeferenced, and we recorded the cultural identity of hunter communities where available. We also collected data on the biomass of animals hunted. Further details on the derivation and application of these metrics are provided below.
The final Marupiara dataset comprises 21,397 records of hunted taxa composition, representing 447,438 individual animals hunted across 625 georeferenced communities in rural Amazonia from 1965 to 2024.
Hunting monitoring schemes
Primary data obtained through hunting monitoring schemes were generally collected under the supervision of researchers and Indigenous, traditional and small-scale farming trained researchers. Three main data collection methods were utilized:
 
	 (1) Written surveys. Standardized forms were used to record detailed information on hunted taxa, the number of individual animals hunted, and the estimated biomass per taxon.

	 (2) Face-to-face interviews: In some communities, structured oral questionnaires were conducted with hunters. Trained interviewers asked hunters about their hunting activities and recorded their responses on paper or digital devices. These questionnaires captured the same information as the written surveys.

	 (3) Direct monitoring: In select cases, researchers accompanied hunters during their activities, recording real-time observations on species composition and offtake.


All data collection efforts were meticulously documented to ensure consistency, accuracy and comparability across communities and time periods. The approach was designed to be both culturally respectful—honouring the knowledge systems and practices of participating communities—and scientifically rigorous, thereby ensuring the reliability and integrity of the data compiled in the Marupiara dataset.
Data selection and validation
Given the diversity of secondary data sources spanning nearly six decades, our dataset naturally varied in objectives, methodological rigour, reporting standards and cultural contexts. To ensure consistency, we focused on extracting comparable information across all studies.
We implemented a multi-step validation process to mitigate potential inaccuracies. Primary data served as a baseline for evaluating datasets and assessing methodological consistency, identifying discrepancies and evaluating the reliability of secondary sources. We prioritized studies that provided clear methodological descriptions, reproducible metrics or supplemental documentation and contacted the original authors or institutions when clarification was needed regarding sampling design and local conditions.
We scrutinized outliers and apparent inconsistencies by cross-referencing with more recent peer-reviewed sources or primary datasets from similar regions or time periods. When discrepancies were identified, we assessed whether they reflected genuine cultural differences, shifting hunting practices or methodological shortcomings. Records showing implausible biological or cultural values were excluded.
Throughout the validation process, we remained attentive to cultural and practical factors—such as hunting laws, local traditions and wildlife management strategies—which vary widely across regions and over time. To address this, we consulted local experts and researchers familiar with such nuances to confirm that data collection methods were culturally appropriate and to verify that the underlying assumptions of each dataset remained valid. Only datasets meeting our standards for scientific rigour and comparability were integrated into the analysis and annotated with metadata. We also excluded studies that reported less than four hunted taxa, as these offered limited insights into species composition. Records lacking clearly described or reliable hunting effort methodologies were removed from the final dataset.
Taxonomic reclassification
We extracted the list of mammal, bird, reptile and amphibian species for the 625 localities from the IUCN spatial database18, assuming that the taxonomic identity of all recorded hunted species aligns with the taxonomic and geographic distribution currently recognized by the IUCN18. We then reviewed all 1,789 original taxa from the Marupiara dataset to correct potential misclassifications, including outdated taxonomy, vernacular identifications, misidentifications or typographical errors. Taxonomic entries were updated to the most refined, species-specific refined classifications, with taxa categorized into species wherever possible.
Following this review, we identified 438 species, 51 higher taxa and an ‘undetermined’ category, resulting in at least 490 distinct species (Supplementary Table 1). The ‘undetermined’ category includes unidentified species or aggregations for which TSOP could not be reliably calculated. Higher taxa represent broader taxonomic groupings retained from the original sources, such as Mazama spp., which includes lower taxa like Mazama
americana, Mazama
nemorivaga and Mazama
gouazoubira, which are already listed separately in the Marupiara dataset.
All allopatric species were aggregated at the genus level to improve analytical coherence, and taxa with very low sample sizes were grouped into broader categories at the family, order, or subclass level. This classification process resulted in 173 analytically focused hunted taxa, plus the ‘undetermined’ category, which were used in TSOP and related analyses (Supplementary Tables 1 and 2).
Taxon-specific body mass and density
We compiled 4,019 observations on body mass for 477 animal species, representing all 173 hunted taxa. These data were sourced directly from the Marupiara dataset, from primary data and from the scientific literature. Based on these records, we estimated the average body mass for each of the 173 taxa (Fig. 2, Extended Data Fig. 3, Supplementary Table 2 and Supplementary Data 3). Additionally, we collected from published sources a total of 2,024 observations on population density for 330 hunted animal species, representing 139 of the 173 hunted taxa. For these 139 taxa, we estimated the average number of individuals per 100 km² (Supplementary Table 2 and Supplementary Data 5). Details on the estimation procedures for both body mass and population density are provided in the Metrics Estimation section of the Methods.
Spatial modelling and raster manipulation
All spatial analyses were performed at 10 × 10 km raster resolution and WGS (World Geodetic System) 84 Datum using the terra58 and randomForest59 packages in R software60. Maps were produced in QGIS (https://qgis.org/en/site/), with the final edition in Inkscape (https://inkscape.org) and GIMP (https://www.gimp.org). We spatially predicted the 10%, 25%, 50%, 75% and 90% quantiles for all the spatial variables and calculated the mean, standard deviation and 90% confidence intervals from the pixel values of this five rasters stack.
Although relatively fine-grained given the vast extent of the Amazon biome, the 10 × 10 km resolution may still be insufficient to accurately capture fine-scale heterogeneity in habitat conditions, species distributions, and conservation needs. However, this scale provides a necessary balance between regional coverage and data availability, guaranteeing compatibility with widely used ecological and environmental datasets while allowing for broad-scale assessments that inform conservation planning. A finer resolution would significantly increase computational demands and face data limitations, particularly across such an extensive and heterogeneous region. The 10 × 10 km scale remains effective for identifying broader patterns, and its outputs can be complemented in the future by higher-resolution studies or downscaled using local ecological data to refine site-specific conservation actions.
Amazonian geographical boundaries
We defined the geographical boundaries of Amazonia according to the Amazon Network of Georeferenced Socio-Environmental Information (RAISG), which combines the Amazon biome, its river basins, and relevant administrative regions1. We rasterized this polygon at a resolution of 0.0083, resulting in a total area of 8,179,389 km2.
Amazonian regions are classified into: (1) Guiana Shield (GS); (2) northern part of western Amazonia (WAN); (3) central Amazonia (CA); (4) southern part of western Amazonia (WAS); (5) southern Amazonia (SA); and (6) eastern Amazonia (EA) (Fig. 1).
Amazonian peoples and rural hunters
To spatially determine rural Amazonia, we included only regions 2–3 h away from a small city or town (100,000–250,000 urban inhabitants) as defined in the urban–rural catchment area raster61 (Extended Data Fig. 1). Amazonian peoples were defined as all individuals living in rural Amazonia, frequently self-declared as Indigenous, traditional or small-scale farming peoples. To generate the Amazonian peoples population size (APPS) raster, we first removed all urban areas61 from the raster of the total human population (people per pixel for 5 time points between 2000 and 2020 at 5-year intervals)62 within Amazonia boundaries (Extended Data Fig. 1). This spatial filtering resulted in an estimated rural population of 10,870,022 individuals (APPS), corresponding to 34.2% of the 31,783,941 individuals living (total human population size) in Amazonia.
To obtain the rural hunters population size (RHPS) raster, we multiplied the APPS raster by 0.178 (median) and by 0.168, 0.173, 0.183 and 0.187 (the 0.10, 0.25, 0.75 and 0.90 quantiles), which represent the estimated proportion of hunters to consumers based on data from 72 localities of the Marupiara dataset with both information of number of hunters and number of consumers (Extended Data Fig. 1). See ‘Metrics estimation’ details on estimation. Based on these calculations, the total number of rural hunters in Amazonia was estimated at 1.93 ± 0.08 (1.83–2.04) million.
Wild meat trade and urban consumption data were excluded to maintain a focus on rural hunting practices and their ecological and nutritional implications. Including trade and urban consumption would have introduced complexities related to market dynamics, transportation and intermediate processing, which are outside the scope of this study’s traditional-focused approach. Additionally, reliable trade and urban consumption data are often sparse or inconsistent in Amazonia, making integrating them into the models challenging without introducing significant uncertainty. Although the spatial exclusion of urban areas may inadvertently omit individuals who rely on wild meat as part of their diet, the inclusion of peri-urban populations in our dataset allows for a more reliable assessment of the effects of urbanization on HP.
Spatial variables
To analyse the factors shaping wild meat harvest in Amazonia, we selected the following set of environmental and anthropogenic spatial variables (Supplementary Methods 1–3):
Enhanced vegetation index
A dimensionless index that describes the difference between near-infrared and red reflectance of vegetation cover, normalized by their sum, corrected for some atmospheric conditions and canopy background noise, that can be used to estimate the density of green cover on an area of land, especially in areas with dense vegetation63. We included values for enhanced vegetation index (EVI) from 2000, 2005, 2010, 2015 and 2020.
Annual gross primary productivity
A MODIS-Terra digital database expressed in kgC m−2 year−1 (ref. 64) represents the total amount of carbon compounds produced by the photosynthesis of plants in an ecosystem over a given period of time65. We included values for annual gross primary productivity (GPP) in 2000, 2005, 2010, 2015 and 2020.
Annual net primary productivity
A MODIS-Terra digital database expressed in kgC m−2 year−1 (ref. 64) represents the carbon uptake plants retain in an ecosystem after accounting for plant respiration (net increase in biomass)65. We included values for annual net primary productivity (NPP) in 2000, 2005, 2010, 2015 and 2020.
Soil fertility
A digital database covering Amazonia, represented as the sum of exchangeable base cation concentration66.
Proportion of flooded areas
A digital database of the proportion of flooded areas in the Amazon region to upland forests, built on the raster manipulation and combination of the products provided by Hess et al.67 and Lehner & Dohl68.
Elevation
A digital topographic database scaled in metres based on the NASA Shuttle Radar Topography Mission69.
Height above the nearest drainage
A digital terrain model normalized to the elevation in metres of the drainage network70.
Historical distribution of Indigenous family languages
A categorical digital database of the distribution of the Indigenous territories during the early accounts in Amazonia, built from the combination of the maps provided by Loukotka71 and Eriksen72 and classified into their respective Indigenous family language (Supplementary Methods 2).
Current distribution of Indigenous and non-Indigenous peoples
A categorical digital database built from the RAISG database of the distribution of the Indigenous lands73, classified into Indigenous peoples (regions inside Indigenous lands) and non-Indigenous peoples (regions outside Indigenous lands). The current peoples’ cultural identity (Indigenous or non-Indigenous) was compiled in the Marupiara dataset from primary and secondary studies.
Current distribution of family languages
A categorical digital database built from the RAISG database of the distribution of the Indigenous lands73, classified into their respective Indigenous family languages (Supplementary Methods 3). Regions outside the Indigenous Lands are tentatively classified as Latin or German languages. The cultural identity of the current people was compiled in the Marupiara dataset from primary and secondary studies.
Proportion of habitat loss
A digital database built on the raster manipulation of annual land cover mapping provided by the MapBiomas74. We included measures for the Proportion of habitat loss in 1985, 1990, 1995, 2000, 2005, 2010, 2015 and 2020. We manipulated the MapBiomas land use rasters to obtain rasters with the proportion of habitat loss.
Urban–rural catchment areas
Urban–rural catchment areas (URCA) is a digital database of the 30 urban–rural catchment areas showing the catchment areas around cities and towns of different sizes, in which each rural pixel is assigned to a defined travel time category61.
Hunting recording time span
A variable that controls the effort to record hunting in each study, that is, the time range in days in which hunted animals were recorded. This metric was only used to model HHR. We included this variable since we assumed that different time spans of hunting surveys could have different accuracies for data on the animals hunted. We obtained measures of the hunting recording time span from the Marupiara dataset.
Raster manipulation and processing
We reprojected all spatial variables’ rasters to WGS 84 Datum and 10-km resolution, cropped them to the geographical boundaries of Amazonia1, and replaced missing pixels with the interpolated value from the neighbour pixel. However, even performing this gap-filling technique reduced the original spatial inference from 81,790 to 80,459 10 × 10 km cells (Extended Data Fig. 1).
We extracted the values of all these spatial variables for the 301 georeferenced localities with HHR measures and 590 with TSOP measures (Fig. 1a).
Temporal variation of spatial variables
None of the digital spatial variables fully cover the 1965–2024 period of the Marupiara dataset, preventing a year-by-year evaluation of their spatial and temporal effects on HHR and TSOP. To address this, we matched HHR and TSOP records to the closest available values of spatial variables in years where spatiotemporal data were available. This approach was feasible for modelling the effects of EVI, NPP and GPP on HHR and TSOP by incorporating measurements at five-year intervals. We obtained proportion of habitat loss data for 1985, 1990, 1995, 2000, 2005, 2010, 2015 and 2020. For EVI, NPP, and GPP, data were available from 2000 onwards at the same five-year intervals. HHR and TSOP values from 1965 to 1987 were assigned the 1985 habitat loss data; from 1988 to 1992, the 1990 data; from 1993 to 1998, the 1995 data, and so on, with post-2018 records assigned the 2020 data. A similar process was applied to EVI, NPP, and GPP, though for a shorter period: records from 1965 to 2002 were matched to the 2000 values, continuing at five-year intervals up to 2020. Despite the Marupiara dataset spanning 1965–2024, most hunting studies occurred around 2006 ± 9 years (90% quantiles: 1995–2017), aligning well with the available temporal coverage of the spatial variables.
Overall individual animals HHR and overall individual animals HP
After cropping the Marupiara dataset to the geographical boundaries of Amazonia, we obtained georeferenced observations with information on the number of individual animals hunted per hunter per day—overall individual animals HHR. We extracted the values of all spatial variables for the 301 georeferenced localities (both from primary and secondary data) with HHR measures. We determined the overall individual animals HHR as the total number of animals hunted of all taxa in each locality divided by the sum of hunters accountable for catching those animals during the monitored period in days. This includes days when hunters neither went hunting nor harvested any animals.
Firstly, we spatially predicted the overall individual animals HP by performing random forest models, where the overall individual animals HHR across Amazonia was a function of the enhanced vegetation index, gross primary productivity, net primary productivity, net primary productivity quality control, soil fertility, proportion of flooded areas, elevation, height above the nearest drainage, historical distribution of Indigenous family languages, current distribution of Indigenous and non-Indigenous peoples, current distribution of languages, proportion of habitat loss, urban–rural catchment areas, and hunting monitoring time span. We ran 30 models to the entire Amazonia with 70% of observations each and took the central and 75% and 90% quantiles of these 30 overall individual animals HP spatial models. The ranking importance of each predictor in the full model (that is, with 100% of the observations) is given in Supplementary Data 1. Individual animals HP (individuals HP) reflects how the overall individual animals HHR varies with environmental and anthropogenic factors (Fig. 1b,c).
TSOP and taxon-specific individual animals HP
We obtained 590 georeferenced observations on the number of animals hunted of each taxon in each locality of the Marupiara dataset (Fig. 1a). We extracted the values of all spatial variables for these georeferenced localities. We assigned a value of zero (absence) when the hunted taxon was predicted to occur in that locality according to the IUCN spatial database, but no animals were hunted there. We then spatially predicted the individual animals HP for the 174 hunted taxa covered in our dataset. To accomplish that, we first calculated the TSOP of the 174 hunted taxa in the 590 localities as the number of animals hunted of a taxon in each locality divided by the total number of animals hunted in the same locality. We ran spatially explicit random forest models for the 174 taxa using their TSOP as functions of the same environmental and anthropogenic factors used to estimate the overall individual animals HP, except for the hunting recording time span not considered in the TSOP random forest models.
To prevent underestimation of the TSOP of some taxa, we removed localities that contained data for both the lower and the corresponding high taxa when modelling for the lower taxon. For example, localities that contained hunting data for both M. americana and Mazama spp. were removed from the analysis when the TSOP of M. americana was modelled.
Each of the 174 TSOP rasters was clipped to its respective geographic distribution obtained from the IUCN database18. To ensure that the proportions of the 174 TSOP rasters summed to 1 in each spatial cell, we normalized each raster by dividing it by the sum of all 174 TSOP rasters, improving the accuracy of TSOP spatial predictions.
We then multiplied the overall individual animals HP raster by each of the 174 TSOP rasters. This allowed us to spatially predict the individual animals HP for each of the 174 hunted taxa, resulting in a taxon-specific individual animals HP. The sum of the 174 taxon-specific individual animals HP equals the overall individual animals HP.
Taxon-specific and overall animal biomass HP
By multiplying the 174 taxon-specific individual animals HP rasters by their respective estimated median and 0.10, 0.25, 0.75 and 0.90 quantiles of taxon-specific average body mass, we built the 174 taxon-specific animal biomass HP rasters (see Fig. 3). By summing all the 174 taxon-specific animal biomass HP rasters, we got the overall animal biomass HP raster (Fig. 1c).
Overall HP
Overall HP regarding individual animals and animal biomass reflects how the overall individual animals HHR and animal biomass HHR vary with environmental and anthropogenic factors throughout Amazonia (Fig. 1b,c).
Taxon-specific and overall individual animals offtake
We spatially predicted the individual animals offtake–the annual number of animals hunted per taxon–for the 174 hunted taxa across Amazonia by multiplying the 174 rasters of taxon-specific individual animals HP (the estimated number of animals hunted per taxon per hunter per day in each pixel) by the RHPS raster (the estimated number of rural hunters in each pixel). To avoid overestimations in areas with high rural hunter density, we applied an upper limit on the number of animals hunted per taxon per pixel: For 139 taxa (primarily species-specific or allopatric genera), we truncated the maximum offtake values based on their taxon-specific average density, defined as the average number of individuals per 100 km² or 10 × 10 km (Supplementary Table 2 and Supplementary Data 5).
We then calculated the number of animals hunted per taxon per year in Amazonia by summing the values from the 174 taxon-specific individual animals offtake rasters. By aggregating these, we generated the overall individual animals offtake raster (Fig. 1d), from which we derived the total number of animals hunted per year by summing the pixel values across the entire Amazonia region.
Taxon-specific and overall animal biomass offtake
The spatial prediction of the taxon-specific animal biomass offtake (the animal biomass in kg extracted of the 174 hunted taxa across Amazonia) was accomplished by multiplying each one of the 174 rasters of taxon-specific individual animals offtake by their respective estimated median and 0.10, 0.25, 0.75, and 0.90 quantiles of taxon-specific average body mass. By summing all the 174 taxon-specific animal biomass offtake rasters, we got the raster of the overall animal biomass offtake (Fig. 1d). From the sum of values of the pixels of overall animal biomass offtake raster, we calculated the total animal biomass extracted (in kg) per year in Amazonia.
Proportion of edible wild meat to undressed biomass
We estimated the overall annual production of edible wild meat in Amazonia (see ‘Metrics estimation’ for details) using data on the proportion of consumable meat contained in animal carcasses reported in the literature75,76. Edible yield proportions were calculated separately for each of the 20 key hunted taxa and then pooled by major taxonomic groups: mammals (0.63 ± 0.11), birds (0.73 ± 0.06), chelonians (0.47 ± 0.14) and caimans (0.45 ± 0.04). These values were then multiplied by the estimated total undressed animal biomass offtake for the corresponding taxa or groups. Based on this approach, we estimated that edible wild meat represents approximately 58.5% of the total undressed biomass harvested annually across Amazonia.
Available wild meat per rural inhabitant
Therefore, we multiplied the predicted raster of the daily animal biomass offtake by 0.585 to spatially predict the daily overall edible wild meat produced across Amazonia. Then, we divided the overall edible wild meat produced raster by the APPS raster, which includes the number of rural inhabitants per spatial cell, generating a raster of the available wild meat per rural inhabitant in each spatial cell (Fig. 4).
Wild meat nutritional composition
Using the scarce data from the literature on the nutritional composition in meat for 26 taxa (22 species and 4 genera; Supplementary Table 9) in Amazonia77,78,79,80,81,82,83,84,85,86,87, we estimated the average amount of energy and macro- and micronutrients in wild meat in Amazonia (Extended Data Table 1). We used 265 observations overall from these literature sources (for example, 59 for protein, 58 for total fat, 44 for energy, 28 for iron, 7 for zinc, 2 for selenium, 20 for vitamin B1, vitamin B2 and vitamin B3 and 7 for vitamin B12 (Supplementary Table 9). Out of the 20 dominant taxa, 12 had species-specific data on nutritional composition (Supplementary Table 9).
A limitation of our study stems from the reliance on approximate rather than species-specific nutritional composition data. This constraint is primarily due to the limited availability of detailed nutritional data in the existing scientific literature88. To address this challenge, we adopted the food-matching technique, a methodology endorsed by the Food and Agriculture Organization (FAO) for such scenarios89.
Daily amounts of energy and nutrients furnished by wild meat
We then produced 10 rasters of the daily amounts of energy and nutrients furnished by wild meat (that is, one for energy and nine for nutrients) for each spatial cell by multiplying the overall edible wild meat produced raster by the estimated average values of energy and macro- and micronutrients contained in Amazonian wild meat (Extended Data Table 1). See ‘Metrics estimation’ for details on estimation.
Percentage of dietary requirements furnished by wild meat
To estimate the nutritional needs of micronutrients of the Amazonian peoples we used DRIs. DRIs are a set of recommendations for nutrient intake based on the latest scientific evidence and intended to guide the amounts of nutrients that are needed to maintain health. Due to the lack of specific nutritional data for the targeted population, such as weight and food consumption, we had to rely on general references measured in grams per day instead of grams per kilogram per day of a given nutrient. Consequently, we selected the estimated average requirement (EAR) values, measured in weight per day, as our primary choice. This approach was taken because the EAR reflects the average daily nutrient intake estimated to meet the needs of half of the healthy individuals within a specific age and gender group90,91. In cases where there was no EAR available, we used the adequate intake (AI) or recommended dietary allowance (RDA) as a guide for determining the appropriate recommendation of a nutrient. For total fat, in instances where DRIs were unavailable, we utilized the acceptable macronutrient distribution range (AMDR). Considering the midpoint of the range, we converted these values to a percentage of energy. Finally, for energy (that is, calories), we applied the estimated energy requirements (EER)92. The DRI values are presented in the Supplementary Tables 10 and 11.
First, we constructed a raster of the population size for each sex-age group (that is, children, women and men) by multiplying the AMPS raster with the proportion of each group relative to the total rural population in Amazonia. These proportions were derived from data available for north Brazil through the Brazilian population census93. Using this approach, we established spatially explicit demographic distributions reflecting rural Amazonia’s population structure.
Then, we spatially predicted each sex-age group’s minimum daily dietary requirements for seven micronutrients, two macronutrients, and energy. This was achieved by multiplying the average reference values for each nutrient or energy requirement with the corresponding sex-age population raster. The resulting minimum daily dietary requirements rasters for children, women, and men were then summed for each nutrient and energy to predict the overall minimum daily dietary requirements for Amazonian peoples across all spatial cells. As a result, these requirements were directly proportional to the number of rural inhabitants per pixel, ensuring that the analysis accurately reflected localized nutritional needs across the region.
Finally, the daily nutrient amounts furnished by the estimated wild meat production in Amazonia were evaluated against the daily micronutrient and macronutrient requirements to determine their adequacy for a nutritionally balanced diet for Amazonian peoples. This was done by comparing the corresponding spatial cell of a given nutrient/energy between the daily amounts furnished by wild meat and the minimum daily dietary requirements of Amazonian peoples. This process allowed us to spatially explicit the levels of energy and nutrients supplied by wild meat to Amazonian peoples.
Metrics estimation
To enhance the accuracy of our metrics (such as taxon-specific body mass, taxon-specific density, proportion of hunters to consumers, proportion of edible wild meat to undressed biomass and wild meat nutritional composition), we run each metric 1,000 times, drawing each estimated quantity from a normal statistical distribution defined by its corresponding mean and standard error. After obtaining 1,000 values for each metric, we took the mean, standard deviation and 90% quantiles of these 1,000 values to produce a 90% confidence interval.
Research collaboration and ethics
The community-based hunting monitoring initiatives that contribute primary data to the Marupiara dataset were developed and implemented through close partnerships with Indigenous and traditional peoples. These initiatives should not be seen as conventional academic research, where external researchers extract data on biodiversity use. Instead, they are grounded in sociopolitical realities relevant to Indigenous and traditional communities and are designed to strengthen their territories and livelihoods, empower communities, support wildlife conservation and management, enhance food security, and protect cultural practices—always with respect for their priorities and autonomy. The data collected directly informs community-led decisions on sustainable wildlife and territorial management, with meaningful community engagement throughout the monitoring cycle. Results are transparently shared at the community level and used to guide practical actions on the ground. Each project is tailored to the specific needs of the communities involved, ensuring that Indigenous and traditional knowledge is respected, safeguarded and valued. Our collaborative approach includes training Indigenous and traditional hunters and researchers, fostering long-term capacity building and education. Wildlife monitoring programmes are conducted under government regulation, ensuring ethical data handling and confidentiality. All research activities are formally approved by Indigenous and traditional communities, as well as by relevant academic or governmental institutions overseeing Indigenous Lands, parks, and extractive reserves.
Data-sharing agreements were established among communities, researchers, and technicians, enabling informed local decision-making and advancing research on wildlife use, management, and conservation in Amazonia. Free, prior, and informed consent (FPIC) was obtained—either orally or in writing—from all communities participating in those initiatives, ensuring ethical engagement and respect for rights, welfare, and autonomy. While some early initiatives predated formal non-Indigenous and local ethics committees (for example, before the Nagoya Protocol, 2010), agreements were always culturally adapted, ranging from oral consensus to written contracts detailing research objectives, participant rights, and data use (Supplementary Methods 4).
Six independent ethics committees reviewed and approved all primary data methods, with the 12 contributing initiatives receiving clearance from institutional review boards across Brazilian, Peruvian, and French Guianese Amazonia (Supplementary Methods 4). These approvals, secured through universities and research institutions, guaranteed compliance with international ethical standards for research involving Indigenous and traditional peoples.
The primary data collection methods were approved by the main representative organizations of Indigenous peoples and traditional communities in the Brazilian Amazon—respectively, the Coordination of Indigenous Organizations of the Brazilian Amazon (COIAB) and the National Council of Extractive Populations (CNS). Both organizations have formally endorsed the content of this article and have committed to participating in the Evaluation Committee for future research utilizing the Marupiara dataset (Supplementary Methods 6 and 7).
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The Marupiara dataset that was built and analysed in this study is not publicly available owing to sensitivity and privacy concerns related to hunters and their communities. Similarly, the R code supporting the analyses presented in this article was made available during the editorial process exclusively for review purposes. However, the authors can make the data available upon request for research purposes only, where the researcher provides a detailed written document outlining the study’s objectives and a signed letter of commitment to the ethical and exclusive use of the data for the specified research. Each research proposal must receive explicit approval from the Evaluation Committee, which is composed of all dataset contributors, along with representatives from Coordination of Indigenous Organizations of the Brazilian Amazon (COIAB), National Council of Extractive Populations (CNS) and the RedeFauna research network. The Committee is responsible for reviewing all requests for access to raw data, digital variables or any other information used in this study. Conditions on re-use include acknowledgment of the data source and adherence to ethical standards outlined in the agreement. If a contributor or Indigenous or traditional representative chooses not to share their data for a particular study, those specific data will be removed without impeding the overall research. Contributors retain full autonomy over using their own data and can withdraw from the agreement at any time without prior notice. Requests should be sent to aapardalis@gmail.com.
References
 
	RAISG. Red Amazónica de Información Socioambiental Georreferenciada. www.raisg.org/pt-br/mapas/ (2023).

	Pimm, S. L. et al. The biodiversity of species and their rates of extinction, distribution, and protection. Science
344, 1246752 (2014).

	Roosevelt, A. C. et al. Paleoindian cave dwellers in the Amazon: the peopling of the Americas. Science
272, 373–384 (1996).

	Neves, E. G. Sob os Tempos do Equinócio – Oito Mil Anos de História na Amazônia Central (Circuito Ubu, 2022).

	Fuso Nerini, F. et al. Extending the Sustainable Development Goals to 2050 — a road map. Nature
630, 555–558 (2024).

	Nielsen, M. R., Meilby, H., Smith-Hall, C., Pouliot, M. & Treue, T. The importance of wild meat in the Global South. Ecol. Econ.
146, 696–705 (2018).

	Redford, K. H. et al. Healthy planet healthy people. Conserv. Lett. 15, e12864 (2022).

	Lachat, C. et al. Dietary species richness as a measure of food biodiversity and nutritional quality of diets. Proc. Natl Acad. Sci. USA
115, 127–132 (2018).

	Dufour, D. L., Piperata, B. A., Murrieta, R. S. S., Wilson, W. M. & Williams, D. D. Amazonian foods and implications for human biology. Ann. Hum. Biol.
43, 330–348 (2016).

	Pereira, M. Panorama da Alimentação Indígena: Comidas, Bebidas & Tóxicos na Amazônia Brasileira (Livraria São José, 1974).

	IPBES. Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (version 1). Zenodo
https://doi.org/10.5281/zenodo.6417333 (2019).

	Breiman, L. Random forests. Mach. Learn.
45, 5–32 (2001).

	Ter Steege, H. et al. Functional composition of the Amazonian tree flora and forests. Commun. Biol.
8, 355 (2025).

	Peres, C. A. Effects of subsistence hunting on vertebrate community structure in Amazonian forests. Conserv. Biol.
14, 240–253 (2000).

	Voss, R. S. & Emmons, L. H. Mammalian diversity in Neotropical lowland rainforests: a preliminary assessment. Bull. Am. Mus. Nat. Hist.
230, 3–115 (1996).

	Nasi, R., Taber, A. & Van Vliet, N. Empty forests, empty stomachs? Bushmeat and livelihoods in the Congo and Amazon Basins. Int. For. Rev.
13, 355–368 (2011).

	Fa, J. E., Currie, D. & Meeuwig, J. Bushmeat and food security in the Congo Basin: linkages between wildlife and people’s future. Environ. Conserv.
30, 71–78 (2003).

	IUCN. The IUCN Red List of Threatened Species. www.iucnredlist.org (2024).

	Venticinque, E. et al. An explicit GIS-based river basin framework for aquatic ecosystem conservation in the Amazon. Earth Syst. Sci. Data
8, 651–661 (2016).

	Denevan, W. M. A bluff model of riverine settlement in prehistoric Amazonia. Ann. Assoc. Am. Geogr.
86, 654–681 (1996).

	Junk, W. J., Wittmann, F., Schöngart, J. & Piedade, M. T. F. A classification of the major habitats of Amazonian black-water river floodplains and a comparison with their white-water counterparts. Wetl. Ecol. Manag.
23, 677–693 (2015).

	Somos COICA 1. coicamazonia.org/revista-coica/ (COICA, 2021).

	Aĭkhenval’d, A. I. Languages of the Amazon (Oxford Univ. Press, 2012).

	Constantino, P. A. L. C., Neto, F. V., Nunes, A. V. & Campos-Silva, J. V. Culture still matters: conservation implications of hunting by ethnolinguistic groups in southwestern Amazonia after centuries of contact. Biodivers. Conserv.
30, 445–460 (2021).

	Hames, R. B. A comparison of the efficiencies of the shotgun and the bow in Neotropical forest hunting. Hum. Ecol.
7, 219–252 (1979).

	Bowler, M. et al. LED flashlight technology facilitates wild meat extraction across the tropics. Front. Ecol. Envir.
18, 489–495 (2020).

	Fragoso, J. M. V. et al. Large-scale population disappearances and cycling in the white-lipped peccary, a tropical forest mammal. PLoS ONE
17, e0276297 (2022).

	Sirén, A. & Machoa, J. Fish, wildlife, and human nutrition in tropical forests: a fat gap? Interciencia
33, 186–193 (2008).

	Hunt, J. R. Bioavailability of iron, zinc, and other trace minerals from vegetarian diets. Am. J. Clin. Nutr.
78, 633S–639S (2003).

	Carignano Torres, P. et al. Wildmeat consumption and child health in Amazonia. Sci Rep.
12, 5213 (2022).

	Fa, J. E. et al. Disentangling the relative effects of bushmeat availability on human nutrition in central Africa. Sci Rep.
5, 8168 (2015).

	Sarti, F. M. et al. Beyond protein intake: bushmeat as source of micronutrients in the Amazon. Ecol. Soc.
www.jstor.org/stable/26270286 (2015).

	Neumann, C. G. et al. Animal source foods improve dietary quality, micronutrient status, growth and cognitive function in Kenyan school children: Background, study design and baseline findings. J. Nutr.
133, 3941S–3949S (2003).

	Lapola, D. M. et al. The drivers and impacts of Amazon forest degradation. Science
379, eabp8622 (2023).

	Bogoni, J. A., Peres, C. A. & Ferraz, K. M. P. M. B. Extent, intensity and drivers of mammal defaunation: a continental-scale analysis across the Neotropics. Sci Rep.
10, 14750 (2020).

	Bodmer, R. et al. Major shifts in Amazon wildlife populations from recent intensification of floods and drought. Conserv. Biol.
32, 333–344 (2018).

	Lemos, L. P., Valle, D., Morcatty, T. Q. & Chaves, W. Including the urbanization gradient in people-centered wildlife conservation in Amazonia. Conserv. Biol.
39, e70049 (2025).

	Chaves, W. A. et al. Urbanization and food transition in the Brazilian Amazon: From wild to domesticated meat. People Nat.
https://doi.org/10.1002/pan3.10746 (2024).

	NEPA. Tabela Brasileira de Composição de Alimentos. www.unicamp.br/nepa (Univ. Estadual de Campinas, 2011).

	Butler, R. A. Amazon Destruction. World Rainforests. worldrainforests.com/amazon/amazon_destruction.html (2021).

	Vale, P. et al. The expansion of intensive beef farming to the Brazilian Amazon. Glob. Environ. Change
57, 101922 (2019).

	Fearnside, P. M. Global warming and tropical land-use change: greenhouse gas emissions from biomass burning, decomposition and soils in forest conversion, shifting cultivation and secondary vegetation. Clim. Change
46, 115–158 (2000).

	Ostrom, E. A general framework for analyzing sustainability of social-ecological systems. Science
325, 419–422 (2009).

	Benítez-López, A., Santini, L., Schipper, A. M., Busana, M. & Huijbregts, M. A. J. Intact but empty forests? Patterns of hunting-induced mammal defaunation in the tropics. Proc. Natl Acad. Sci. USA
114, 4123–4128 (2017).

	Campos-Silva, J. V., Peres, C. A., Antunes, A. P., Valsecchi, J. & Pezzuti, J. Community-based population recovery of overexploited Amazonian wildlife. Perspect. Ecol. Conserv.
15, 266–270 (2017).

	Braga-Pereira, F. et al. Predicting animal abundance through local ecological knowledge: An internal validation using consensus analysis. Peop. Nat.
6, 535–547 (2024).

	Brondízio, E. S. et al. Locally based, regionally manifested, and globally relevant: Indigenous and local knowledge, values, and practices for nature. Ann. Rev. Envir. Res.
46, 481–509 (2021).

	Dobson, F. S. & Yu, J. Rarity in Neotropical forest mammals revisited. Conserv. Biol.
7, 586–591 (1993).

	Mayor, P., El Bizri, H., Bodmer, R. E. & Bowler, M. Assessment of mammal reproduction for hunting sustainability through community-based sampling of species in the wild: participatory reproductive monitoring. Conserv. Biol.
31, 912–923 (2017).

	Antunes, A. P. et al. Empty forest or empty rivers? A century of commercial hunting in Amazonia. Sci. Adv.
2, e1600936 (2016).

	Campos-Silva, J. V., Hawes, J. E., Andrade, P. C. & Peres, C. A. Unintended multispecies co-benefits of an Amazonian community-based conservation programme. Nat. Sustain.
1, 650–656 (2018).

	Viveiros de Castro, E. Exchanging perspectives: the transformation of objects into subjects in Amerindian ontologies. Common Knowledge
10, 463–484 (2004).

	Cassino, M. F. et al. Thinking with Amazonian Indigenous peoples to expand ideas on domestication. People Nat.
7, 560–574 (2025).

	Fausto, C. Banquete de gente: comensalidade e canibalismo na Amazônia. Mana
8, 7–44 (2002).

	Colding, J. & Folke, C. Social taboos: “invisible” systems of local resource management and biological conservation. Ecol. Applic.
11, 584–600 (2001).

	Franco-Moraes, J., Braga, L. V & Clement, C. R. The Zo’é perspective on what scientists call “forest management” and its implications for floristic diversity and biocultural conservation. Ecol. Soc.
28, 37 (2023).

	Balée, W. Ka’apor ritual hunting. Hum. Ecol.
13, 485–510 (1985).

	Hijmans, R. terra: Spatial Data Analysis. R package version 1.7-80 (2024).

	Liaw, A. & Wiener, M. Classification and regression by randomForest. R News
2, 18–22 (2022).

	R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2022).

	Cattaneo, A., Nelson, A. & McMenomy, T. Global mapping of urban–rural catchment areas reveals unequal access to services. Proc. Natl Acad. Sci. USA
118, e2011990118 (2021).

	Hyman, G. G. et al. Latin American and Caribbean Population Database (Harvard Dataverse, 2020); https://doi.org/10.7910/DVN/AF4KGI (date accessed 30 May 2021).

	Weier, J. & Herring, D. Measuring Vegetation (NDVI & EVI) (NASA Earth Observatory, 2000).

	Running, S. & Zhao, M. User’s Guide Daily GPP and Annual NPP (MOD17A2H/A3H) and Year-End Gap- Filled (MOD17A2HGF/A3HGF) Products NASA Earth Observing System MODIS Land Algorithm (For Collection 6.1) (NASA, 2019).

	Ashton, M., Tyrrell, M., Spalding, D. & Gentry, B. Managing Forest Carbon in a Changing Climate (Springer, 2012).

	Zuquim, G. et al. Introducing a map of soil base cation concentration, an ecologically relevant GIS-layer for Amazonian forests. Geoderma Reg.
33, e00645 (2023).

	Hess, L. L. et al. Wetlands of the lowland Amazon Basin: extent, vegetative cover, and dual-season inundated area as mapped with JERS-1 synthetic aperture radar. Wetlands
35, 745–756 (2015).

	Lehner, B. & Döll, P. Development and validation of a global database of lakes, reservoirs and wetlands. J. Hydrol.
296, 1–22 (2004).

	Shuttle Radar Topography Mission (SRTM) Global (OpenTopography, 2013); https://doi.org/10.5069/G9445JDF (date accessed 28 April 2023).

	Nobre, A. D. et al. Height above the nearest drainage – a hydrologically relevant new terrain model. J. Hydrol.
404, 13–29 (2011).

	Loukotka, Č Annals map supplement number eight ethno-linguistic distribution of south American Indians. Ann. Assoc. Am. Geogr.
57, 437–438 (1967).

	Eriksen, L. Nature and Culture in Prehistoric Amazonia: Using G.I.S. to Reconstruct Ancient Ethnogenetic Processes from Archaeology, Linguistics, Geography, and Ethnohistory (Lund Univ., 2011).

	RAISG. Red Amazónica de Información Socioambiental Georreferenciada. Territorios Indígenas. www.raisg.org/pt-br/mapas/ (2023).

	Souza, C. M. et al. Reconstructing three decades of land use and land cover changes in Brazilian biomes with Landsat archive and Earth Engine. Remote Sens.
12, 2735 (2020).

	Martinez Freire, G. et al. in Aquicultura na Amazônia: Estudos Técnico-científicos e Difusão de Tecnologias ch. 9 (2021).

	Andrade, P. Criação e Manejo de Quelônios No Amazonas (IBAMA, 2008).

	Aguiar, J. P. L. Tabela de composição de alimentos da Amazônia. Acta Amaz.
26, 121–126 (1996).

	Tabela de Composição de Alimentos (Instituto Brasileiro de Geografia e Estatística, 1996).

	Gálvez, C. H., Arbaiza, T., Carcelén, C. F. & Lucas, A. O. Valor nutritivo de las carnes de sajino (Tayassu tajacu), venado colorado (Mazama americana), majaz (Agouti paca) y motelo (Geochelone denticulata). Rev. Investig. Vet. Perú
10, 82–86 (2014.

	Saadoun, A. & Cabrera, M. C. A review of the nutritional content and technological parameters of indigenous sources of meat in South America. Meat Sci.
80, 570–581 (2008).

	Ramos, E. M., Oliveira, C. P. D., Matos, R. A., Mota, C. M. & Santos, D. O. Avaliação de características da carcaça e da qualidade da carne de queixada (Tayassu pecari [Link, 1795]). Ciênc. Agrotecnologia
33, 1734–1740 (2009).

	Tabla de Composición de Alimentos Colombianos (Instituto Colombiano de Bienestar Familiar, 2018).

	Cawthorn, D. M. & Hoffman, L. C. Controversial cuisine: A global account of the demand, supply and acceptance of “unconventional” and “exotic” meats. Meat Sci.
120, 19–36 (2016).

	Reyes García, M., Gómez-Sánchez Prieto, I. & Espinoza Barrientos, C. Tablas Peruanas de Composición de Alimentos (Instituto Nacional de Salud, Perú, 2017).

	Nogueira-Filho, S. L. G. & Da Cunha Nogueira, S. S. Capybara meat: an extraordinary resource for food security in South America. Meat Sci.
145, 329–333 (2018).

	Dos Santos Morais, B. Avaliação da Estabilidade de Linguiças do Tipo Frescal de Caititu (Pecari Tajacu) Elaboradas com Fibras Alimentares e Acondicionadas sob Atmosfera Modificada (Univ. Federal do Pará, 2020).

	Pérez-Peña, P. E. et al. Consumo, microbiología y bromatología de la carne silvestre durante la COVID-19 en Iquitos, Perú. Cienc. Amaz.
9, 51–68 (2022).

	Jacob, M. C. M. et al. Animal-based food systems are unsafe: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) fosters the debate on meat consumption. Public Health Nutr.
23, 3250–3255 (2020).

	Stadlmayr, B. et al. INFOODS Guidelines for Food Matching Version 1.1 (FAO/INFOODS, 2011).

	Institute of Medicine. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline (National Academy Press, 1998).

	Institute of Medicine. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc (National Academy Press, 2002).

	Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (National Academy Press, 2005).

	Instituto Brasileiro de Geografia e Estatística. Censo Brasileiro de 2010. censo2010.ibge.gov.br (2012).


Acknowledgements
We are especially grateful to the rural Amazonian hunters and their families for their enormous collaboration during our studies and work. We thank R. Fewster for her suggestions on statistical analysis; J. Shimbo and M. Butti for providing detailed information on spatial deforestation data in Amazonia from MapBiomas; P. Fearnside for sharing insights on carbon emissions resulting from deforestation in the region. A.P.A. thanks the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Center for International Forestry Research and World Agroforestry (CIFOR-ICRAF), Comunidad de Manejo de Fauna Silvestre en América Latina (COMFAUNA), The National Geographic Society, Fundação Nacional dos Povos Indígenas (FUNAI), Federação das Organizações e Comunidades Indígenas do Médio Purus (FOCIMP) and Federação das Organizações Indígenas do Rio Negro (FOIRN). J.E.F., H.R.E.B. and L.C. thank the UK Research and Innovation’s Global Challenges Research Fund (UKRI GCRF) through the Trade, Development and the Environment Hub project (ES/S008160/1), and the United States Agency for International Development (USAID). M.C.M.J. thanks the CNPq (proc. 402334/2021-3 and 306755/2021-1). E.A.R.C. thanks the Programa Monitora ICMBio, Programa ARPA. M.A.S.J. thanks the Gordon and Betty Moore Foundation. A.V.N. thanks the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) process no. 160547/2023-7 and Center for International Forestry Research and World Agroforestry (CIFOR-ICRAF). J.P.B. thanks the UK Research and Innovation’s (NERC) NE/T000341/1. PEP thanks the Instituto del Bien Común (IBC).
Author information
Authors and Affiliations
 
	Rede de Pesquisa em Conservação, Uso e Manejo da Fauna da Amazônia (RedeFauna), Manaus, Brazil
André Pinassi Antunes, Pedro de Araujo Lima Constantino, Daniel P. Munari, Thais Q. Morcatty, Elildo A. R. Carvalho, Pedro Mayor, João Valsecchi, João V. Campos-Silva, Juarez C. B. Pezzuti, Marcela Alvares Oliveira, Milton J. de Paula, Natalia C. Pimenta, Marina A. R. de Mattos Vieira, André V. Nunes, George H. Rebelo, Dione Torquato, Louise Maranhão & Hani R. El Bizri

	Instituto Nacional de Pesquisas da Amazônia (INPA), Manaus, Brazil
André Pinassi Antunes, Bruce W. Nelson, Mariana Franco Cassino, João V. Campos-Silva, Miguel Aparício & George H. Rebelo

	Comunidad de Manejo de Fauna Silvestre en América, Iquitos, Peru
André Pinassi Antunes, Pedro de Araujo Lima Constantino, Thais Q. Morcatty, Pedro Mayor, João Valsecchi, Marcela Alvares Oliveira, Miguel Antúnez & Hani R. El Bizri

	Instituto Juruá, Manaus, Brazil
André Pinassi Antunes, Pedro Mayor, João V. Campos-Silva & Eduardo M. von Muhlen

	Centro Nacional de Pesquisa e Conservação de Mamíferos Carnívoros, Instituto Chico Mendes de Conservação da Biodiversidade, Atibaia, Brazil
André Pinassi Antunes, Elildo A. R. Carvalho & Pedro Mayor

	Department of Natural Sciences, Faculty of Science and Engineering, Manchester Metropolitan University, Manchester, UK
Julia E. Fa

	Center for International Forestry Research, World Agroforestry (CIFOR-ICRAF), Bogor, Indonesia
Julia E. Fa, Amy Ickowitz, Lauren Coad & Hani R. El Bizri

	Natural Sciences and Environment Hub, University of Gibraltar, Gibraltar, Gibraltar
Julia E. Fa

	Wildlife Conservation Society Brazil Program, Manaus, Brazil
Daniel P. Munari

	Department of Geography, University College London, London, UK
Thais Q. Morcatty

	Instituto de Desenvolvimento Sustentável Mamirauá, Tefé, Brazil
Thais Q. Morcatty, João Valsecchi, Louise Maranhão & Hani R. El Bizri

	Laboratory of Biodiversity and Nutrition, Federal University of Rio Grande do Norte, Natal, Brazil
Michelle C. M. Jacob

	Núcleo de Estudos da Amazônia Indígena (NEAI), Universidade Federal do Amazonas (UFAM), Manaus, Brazil
Mariana Franco Cassino

	ICCS, University of Oxford, Oxford, UK
Lauren Coad

	Museo de Culturas Indígenas Amazónicas, Fundamazonia, Iquitos, Peru
Richard E. Bodmer, Miguel Antúnez & Tula G. Fang

	Durrell Institute of Conservation and Ecology (DICE), University of Kent, Canterbury, Kent, UK
Richard E. Bodmer

	Departament de Sanitat i Anatomia Animals, Universitat Autonoma de Barcelona, Barcelona, Spain
Pedro Mayor

	OFB/DRAS/SEE, UMR Ecofog, Campus Agronomique Kourou, Kourou, French Guiana
Cecile Richard-Hansen

	Núcleo de Altos Estudos Amazônicos, Universidade Federal do Pará, Belém, Brazil
Juarez C. B. Pezzuti

	Departamento de Vertebrados, Museu Nacional do Rio de Janeiro, Rio de Janeiro, Brazil
Juarez C. B. Pezzuti

	Centro Universitário Aparício Carvalho, Porto Velho, Brazil
Marcela Alvares Oliveira

	Instituto Federal de Educação, Ciência e Tecnologia do Pará, Altamira, Brazil
Milton J. de Paula

	Instituto Socioambiental, Manaus, Brazil
Natalia C. Pimenta

	Universidade Estadual de Campinas, Campinas, Brazil
Marina A. R. de Mattos Vieira

	Fundação Vitória Amazônica (FVA), Manaus, Brazil
Marcelo A. Santos Junior

	Instituto Nacional de Pesquisas Espaciais (INPE), São José dos Campos, Brazil
Marcelo A. Santos Junior

	Instituto de Pesquisas Ecológicas (IPE), Campo Grande, Brazil
André V. Nunes

	School of Science Engineering and the Environment, University of Salford, Salford, UK
Jean P. Boubli

	Paiter Suruí Indigenous People, Cacoal, Brazil
Luan M. G. Suruí

	Paumari Indigenous People, Tapauá, Brazil
Eneias C. S. Paumari, Abimael V. C. Paumari, José Lino V. S. Paumari & Germano C. Paumari

	Katukina Indigenous People, Tapauá, Brazil
Ana Paula L. R. Katukina

	Baniwa Indigenous People, São Gabriel da Cachoeira, Brazil
Dzoodzo Baniwa, Valencio S. M. Baniwa, Walter S. L. Baniwa, Abel O. F. Baniwa, Armindo B. Baniwa & Isaías J. S. Baniwa

	Waura Indigenous People, Gaúcha do Norte, Brazil
Yaukuma Waura

	Apurinã Indigenous People, Lábrea, Brazil
Jairo Silvestre Apurinã, Valdir S. S. Apurinã & Vanessa S. F. Apurinã

	Tikuna Indigenous People, São Paulo de Olivença, Brazil
Josiane O. G. Tikuna & Elias P. A. L. Tikuna

	Huni Kuin Indigenous People, Tarauacá, Brazil
José L. Kaxinauá

	Kuikuro Indigenous People, Gaúcha do Norte, Brazil
Kussugi B. Kuikuro

	Fundação Nacional do Povos Indígenas, São Paulo de Olivença, Brazil
Jorge T. Penaforth Kaixana

	Conselho Nacional das Populações Extrativistas (CNS), Brasília, Brazil
Dione Torquato

	Coordenação das Organizações Indígenas da Amazônia Brasileira (COIAB), Manaus, Brazil
Vanessa S. F. Apurinã

	Instituto del Bien Común, Paisaje Putumayo Amazonas, Loreto, Perú
Miguel Antúnez

	Instituto de Investigaciones de la Amazonía Peruana (IIAP), Loreto, Perú
Pedro E. Perez-Peña

	Asociación Centro de Innovación Científica Amazónica (CINCIA), Loreto, Perú
Pablo E. Puertas

	Instituto de Ciencias Biológicas, Facultad de Ciencias Biológicas, Universidad Nacional Mayor de San Marcos, San Marcos, Perú
Rolando M. Aquino

	Parc Amazonien de Guyane, Remire-Montjoly, French Guiana
Guillaume Longin

	Programa de Pós-Graduação em Zoologia, Universidade Estadual do Pará, Belém, Brazil
Cíntia K. M. Lopes

	Museu Paraense Emílio Goeldi, Belém, Brazil
Cíntia K. M. Lopes


Contributions
A.P.A., P.d.A.L.C., D.P.M., H.R.E.B. and A.V.N. built and organized the Marupiara dataset. R.E.B., P.M., J.V., T.Q.M., C.R.-H., P.d.A.L.C., A.P.A., J.C.B.P., E.A.R.C., J.P.B., E.M.v.M., A.V.N., M.A.O., M.J.d.P., C.K.M.L., N.C.P., J.L.K., J.V.C.-S., M.A., G.H.R., M.A.S.J. and H.R.E.B. provided primary hunting data. P.d.A.L.C., A.P.A. and H.R.E.B. tabulated secondary data. M.A.C., P.E.P., P.E.P.-P., T.Q.M., T.G.F., M.A.R.d.M.V., R.M.A., L.M., G.L., L.M.G.S., E.C.S.P., A.V.C.P., J.L.V.S.P., G.C.P., A.P.R.L.K., D.B., V.S.M.B., W.S.L.B., A.O.F.B., Y.W., J.S.A., V.S.S.A., J.O.G.T., J.T.P.K., A.B.B., I.J.S.B. and E.P.A.L.T. provided invaluable assistance in the field during data collection. M.A.C., P.E.P., P.E.P.-P., T.Q.M., T.G.F., M.A.R.d.M.V., R.M.A., L.M., G.L., C.K.M.L., L.M.G.S., E.C.S.P., A.V.C.P., J.L.V.S.P., G.C.P., A.P.R.L.K., D.B., V.S.M.B., W.S.L.B., A.O.B., Y.W., J.S.A., V.S.S.A., J.O.G.T., E.P.A.L.T., J.L.K., J.T.P.K., A.B.B., I.J.S.B., D.T., V.S.F.A. and K.B.K. collected primary data or provided information on hunting practices in their territories. J.S.A. made the drawings for the figures. A.P.A., H.R.E.B., P.d.A.L.C., J.E.F., B.W.N., M.C.M.J. and D.P.M. analysed the data. A.P.A. and B.W.N. performed spatial analyses. A.P.A., M.C.M.J. and A.I. performed nutritional analyses. A.P.A., H.R.E.B. and J.E.F. wrote the manuscript. P.d.A.L.C., M.F.C., T.Q.M., B.W.N., M.C.M.J., A.I., P.M., L.C., E.A.R.C., J.C.B.P., R.E.B., D.P.M., J.V.C.-S. and C.R.-H. discussed and contributed to the manuscript.
Corresponding authors
Correspondence to André Pinassi Antunes or Thais Q. Morcatty.
Ethics declarations
Competing interests
The authors declare no competing interests.
Peer review
Peer review information
Nature thanks Shun Hongo, Tienming Lee, Carla Morsello, Andrew Noss and Maria Sapignoli for their contribution to the peer review of this work. Peer review reports are available.
Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Extended data figures and tables
Extended Data Fig. 1 Heatmaps of Amazonian peoples and rural hunters.
Amazonian peoples were defined as all inhabitants living in rural Amazonia, frequently self-declared as Indigenous, traditional or small-scale farming peoples, and were here estimated at 10,870,022 individuals (Amazonian peoples population size), corresponding to 34.2% of the 31,783,941 individuals living (total human population size) in Amazonia. We developed a raster of the total human population size within Amazonia boundaries (A) and removed all the urban areas (B) as defined in the urban-rural catchment area raster57, to obtain the Amazonian peoples population size (APPS) raster (C). To obtain the rural hunters population size (RHPS) raster (D) we multiplied the APPS raster by 0.178 (median) and by 0.168, 0.173, 0.183 and 0.187 (the 0.10, 0.25, 0.75, and 0.90 quantiles), which represent the estimated proportion of hunters to consumers based on data from 72 localities of the Marupiara Dataset with both information of number of hunters and number of consumers. Based on these calculations, the total number of rural hunters in Amazonia was estimated at 1.93 ± 0.08 (1.83–2.04) M.
Extended Data Fig. 2 Relationships between Hunter Harvest Rate (HHR) and spatial variables.
A-L represent the environmental and anthropogenic variables used to model HHR.
Extended Data Fig. 3 Relationship between the annual offtake of number of individuals hunted (on a log10 scale) and biomass extracted (on a log10 scale) for 174 animal taxa recorded in Amazonia.
Size of dots is proportional to the average taxon-specific body mass and colours represent animal classes.
Extended Data Fig. 4 Estimated number of animals hunted per taxon per year in Amazonia (individual animals offtake)
.
Extended Data Fig. 5 Estimated biomass extracted per taxon per year in Amazonia (animal biomass offtake)
.
Extended Data Fig. 6 Estimated number of individuals hunted (individual animals offtake) and biomass extracted (animal biomass offtake) per animal class and animal groups per year in Amazonia
.
Extended Data Fig. 7 Spatial predictions of individual animals hunter harvest rate (HHR) and animal biomass hunter harvest rate (HHR) in areas with <70% of habitat loss and areas with > 70% of habitat loss in Amazonia.
(A) Individual animals HHR in areas with <70% of habitat loss; (B) Individual animals HHR in areas with > 70% of habitat loss; (C) Animal biomass HHR in areas with <70% of habitat loss; (D) Animal biomass HHR in areas with > 70% of habitat loss.
Extended Data Fig. 8 Relationships between wild meat per rural inhabitant and urban catchment area, number of inhabitants, forest loss and Amazonian regions.
a–d, Relationships between the spatial prediction of the average available edible wild meat per rural inhabitant and the level of the urban-rural catchment areas (a), the number of rural inhabitants (b), the proportion of forest loss (c), and Amazonian regions (d).
Extended Data Table 1 Estimated energy, macro- and micronutrient contents (mean and standard deviation) in 100 g of Amazonian wild meat
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Abstract
The naming of Australopithecus deyiremeda1 from Woranso-Mille (less than 3.59 to more than 3.33 million years) indicated the presence of a species contemporaneous with Australopithecus afarensis in the Ethiopian Afar Rift. A partial foot (BRT-VP-2/73)2 and several isolated teeth from two Burtele (BRT) localities, however, were not identified to the species level. Recently recovered dentognathic specimens clarify not only the taxonomic affinity of the BRT hominin specimens but also shed light on the diet and locomotion of A. deyiremeda. Here we present a comparative description of these specimens and show that they are attributable to A. deyiremeda. We also find it parsimonious to attribute the BRT foot to this species based on the absence of other hominin species at BRT. The new material demonstrates that overall, A. deyiremeda was dentally and postcranially more primitive than A. afarensis, particularly in aspects of canine and premolar morphology, and in its retention of pedal grasping traits. Furthermore, the low and less variable distributions of its dental enamel δ13C values are similar to those from Ardipithecus ramidus and Australopithecus anamensis, indicating a reliance on C3 foods. This suggests that A. deyiremeda had a dietary strategy similar to the earlier A. ramidus and A. anamensis. The BRT foot and its assignment to A. deyiremeda provides conclusive evidence that arboreality was a significant component of the positional behaviour of this australopith, further corroborating that some degree of arboreality persisted among Pliocene hominins1,3,4,5,6,7.
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Hominin fossil discoveries in the past two decades suggest that multiple contemporaneous species existed in eastern Africa during the mid-Pliocene1,2,8, but their validity, except for A. afarensis (a well-known Pliocene hominin species) has been questioned on various grounds including inadequate morphological distinction, small sample size or poor preservation9,10,11. There appears to be a consensus, however, that the BRT foot (BRT-VP-2/73) from Woranso-Mille2, which was not assigned to a species at the time of its initial publication, is the strongest evidence for the presence of a non-A. afarensis species during the mid-Pliocene of eastern Africa1,2,12,13,14. Some researchers have argued that the presence of human-like feet in some members of early Homo, variability in the foot morphology of australopiths and a foot with an opposable hallux in some of the earliest hominins such as A. ramidus all suggest diversity in pedal adaptations for bipedal locomotion15. More recent studies have further suggested that the BRT foot demonstrated the presence of variability in foot morphology and bipedal locomotor adaptation among species of Australopithecus9,16,17, whereas others have hinted that the BRT foot belonged to a late-surviving species of Ardipithecus18 despite there being differences in the morphology of the first metatarsal and metatarsophalangeal joints19.
One of the reasons why the BRT foot and several isolated teeth from the BRT localities were not assigned to A. deyiremeda, despite their provenience from the same horizon as one of the paratypes of the species, was the lack of diagnosable dentognathic specimens that could be directly compared with the holotype and paratype specimens of the species2. In the initial description of A. deyiremeda, it has been shown that some aspects of its maxillary and mandibular morphology were more derived than A. afarensis1. However, its second and third molars, including other teeth from BRT, overlapped, both in size and shape, with A. afarensis and other Pliocene hominins. Further fieldwork at Woranso-Mille, particularly at the BRT localities, has now resulted in the recovery of additional, and more diagnostic, dentognathic specimens from the same horizon as and immediately below the BRT foot (Fig. 1). On the basis of the provenience (vertical and horizontal), it is more than likely that the dentognathic specimens from the BRT localities and the BRT foot belong to the same species: A. deyiremeda. The BRT hominins retain more primitive (A. anamensis-like) dental features than A. afarensis, and there is now evidence that like A. anamensis, they also had a C3-dominated dietary adaptation.
Fig. 1: Location map, stratigraphy and provenience.

a, Map of Ethiopia showing the location of the Woranso-Mille site. GPTS, geomagnetic polarity time scale. b, Satellite image showing the location of the BRT area (white rectangle) relative to other nearby mid-Pliocene localities. KSD, Korsi Dora (3.6 Myr); LDD, Leado Dido’a (3.4 Myr); NFR, Nefuraytu (3.3 Myr). The black lines indicate observed fault lines. x-axis, latitude; y-axis, longitude. c, A closeup view of the BRT area showing the distribution of fossil hominins on the landscape. The squares represent the holotype and paratype specimens of A. deyiremeda. The circles represent previously and newly discovered specimens including BRT-VP-2/73 and BRT-VP-2/135 shown by the white arrows. The white line is the boundary between BRT-VP-1 and BRT-VP-2, and the black lines are the faults shown in panel b. d, Composite stratigraphical section of the BRT and WYT localities. The coloured vertical bars show the vertical extent of each locality in the section. The maximum age of the hominins from these localities is 3.55 ± 0.05 Myr based on a new 40Ar/39Ar age from K-feldspar dating of grains in a detrital sandstone (see Supplementary Information, Supplementary Fig. 1 and Supplementary Data 1 for details). The entire stratigraphical sequence exhibits normal paleomagnetic polarity, suggesting that the hominins are 3.596–3.330 Myr (chron C2An.3n). Panels b,c were modified from Google Earth (Data SIO, NOAA. U/S/ Navy, NGA, GEBCO; Image IBCAO; Image Landsat/Copernicus).
Provenience and geological age
Most of the hominin specimens from BRT (BRT-VP-1 and BRT-VP-2) and Waytaleyta (WYT-VP-2) are surface finds that have weathered out of sandstone horizons along an approximately 30-m-thick section above a thin tuff, which has been radiometrically dated to 3.469 ± 0.008 million years ago (Ma)1,2 (Fig. 1, Supplementary Fig. 1 and Supplementary Data 1). Further detail is provided in Supplementary Information. Within this section, multiple fossiliferous sandstone horizons have been identified. The uppermost sandstone at BRT-VP-2, approximately 24 m above the dated tuff, yielded the BRT foot (BRT-VP-2/73). A lateral continuation of this sandstone is also exposed at the nearby WYT-VP-2 locality, where one of the paratype specimens of A. deyiremeda (WYT-VP-2/10) was found, less than 1 km southeast of the BRT foot. Other specimens from BRT-VP-2 and BRT-VP-1 (which samples the same section as BRT-VP-2 but goes slightly deeper) described in this and previous studies were recovered from a slope below the uppermost sandstone (green circles in Fig. 1c), suggesting that they probably eroded out from the upper sandstone. Only one hominin specimen at BRT-VP-1 was found at the lower level below two layers of sandstone horizons (blue circle in Fig. 1c) and it may have weathered out of any of the sandstones above it. The minimum age of the hominins from BRT-VP-1, BRT-VP-2 and WYT-VP-2 is 3.33 million years (Myr), as determined by paleomagnetic data1,2 (Supplementary Information). Therefore, they are close in age to the nearby A. afarensis-bearing localities such as Leado Dido’a (LDD-VP-1; 3.42–3.330 Myr)20 and Nefuraytu (NFR-VP-1; 3.330–3.207 Myr)21, which are located 4.5–5 km to the south and east, respectively (Fig. 1b).
Comparative description
A total of 25 hominin specimens, mostly isolated teeth, have been recovered from three BRT localities (BRT-VP-1, BRT-VP-2 and BRT-VP-3) thus far. Fourteen of these specimens, including the holotype and paratypes of A. deyiremeda, were reported in Haile-Selassie et al.2. Continued fieldwork since 2015 resulted in the discovery of additional, mostly dentognathic specimens (Table 1). A brief description of these specimens is provided in the Supplementary Information (also see Extended Data Figs. 1 and 2). One of the newly recovered specimens is a juvenile mandible, BRT-VP-2/135 (Fig. 2), which most likely eroded out from the same stratigraphic horizon as the BRT foot (BRT-VP-2/73; Fig. 1d). It was recovered approximately 300 m northeast of BRT-VP-2/73, and the difference in developmental age and distance between the two specimens shows that they did not belong to the same individual.
Fig. 2: The BRT-VP-2/135 mandible and its dentition.

a, Micro-CT scan rendering showing the occlusal view of the mandible. Tooth crowns are shown in white and preserved roots in yellow. b, Left lateral view of the mandible. c, Left lateral view of the mandible with crowns, roots and unerupted permanent dentition visible. d, Right lateral view of the mandible. e, Right lateral view of the mandible with crowns, roots and unerupted permanent dentition visible. Occlusal and labial or buccal views of permanent dentition are shown. f, Left I1. g, Left I2. h, Left P3 (mesial view included). i, Left P4. j, Left M1. k, Right M1. l, Right P4. m, Right P3 (mesial view included). n, Right canine. o, Right I2. p, Right I1.
Table 1 Newly recovered Pliocene hominins from BRT, Woranso-Mille, Ethiopia
BRT-VP-2/135 consists of most of the corpus and a near-complete deciduous dentition, with the deciduous incisors (di1–2) having already been exfoliated. The mandible also retains a total of 12 permanent teeth: the right and left incisors (I1 and I2; both erupting); the right canine still in the crypt and isolated mesial half of the left canine; the right and left third and fourth premolars (P3 and P4) still in the crypt; and the right and left first molars (M1s). Both M1s show slight wear facets on the protoconid and hypoconid, indicating that they were in occlusion with the maxillary teeth even though their root apices are still open. This mixed dentition allows an evaluation of the pattern of dental development as well as an estimate of the age of death of BRT-VP-2/135. When compared with other infant-to-juvenile hominin mandibular specimens at the same M1 developmental state (the root three-quarters complete), the developmental status of BRT-VP-2/135 is similar to other early australopiths, specifically LH 3 (A. afarensis) and KNM-KP 34725 (A. anamensis), both of which evince a great ape-like pattern of relatively delayed incisor formation22 (Extended Data Fig. 3 and Supplementary Table 1). An age at death estimate for BRT-VP-2/135 matches a chimpanzee-equivalent age of 4.47 years (range of 3.48–5.46 years), which is similar to age at death estimates for geologically younger hominins from South Africa including DNH 107 (4.82 years; Paranthropus robustus), Sts 24 (4.35 years; Australopithecus africanus) and StW 151 (4.65 years; early Homo) and to the geologically older KNM-KP 34725 (3.94 years; A. anamensis) from eastern Africa23. Details are provided in Supplementary Information.
The base of the BRT-VP-2/135 corpus and cortical bone in the symphyseal region are both missing. The lateral face of the corpus on the left side, however, is well preserved, showing the absence of the lateral corpus hollow (Fig. 2b), which is present in and diagnostic of both juvenile and adult mandibles of A. afarensis24. BRT-VP-2/258, a left edentulous mandible recovered during the 2025 field season, is about the same ontogenetic age and size of BRT-VP-2/135 and it also lacks the lateral corpus hollow (Extended Data Fig. 2l–m). BRT-VP-2/135, as does BRT-VP-2/258, lacks a deciduous canine (dc)–deciduous first molar (dm1) jugum (equivalent of C1–P3 jugum in adults) which is characteristic of A. afarensis14,15. A. africanus juvenile mandibles such as Taung also lack these features. A single mental foramen is positioned low on the corpus at the level of the distal dm2, slightly posterior than in most A. afarensis juveniles where it is positioned at dm1 or dm1–dm2. BRT-VP-2/258 is similar to the A. afarensis condition in this regard where the mental foramen is positioned mid-corpus at the mesial dm2 level. The ascending ramus rises at the posterior M1 level. The symphysis is damaged, although the preserved part shows that it is more posteriorly receding than in A. afarensis juveniles of comparable age.
Deciduous teeth
The left dc, distal half of the left dm1 crown and both dm2s of BRT-VP-2/135 are preserved. The occlusal crown outline of the dc is oval, comparable with the deciduous canines of A. afarensis and A. anamensis25,26. The heavily damaged dm1 crown obscures any taxonomically informative morphology. The left dm2 is preserved intact, whereas the enamel surfaces on the hypoconid, metaconid and mesial face of the right dm2 are missing. The protoconid, hypoconid and hypoconulid of dm2 all have variably sized dentine pits on their cusp tips. Morphologically, the occlusal outline of both dm2s is broadly similar to those of A. afarensis and A. anamensis (there are no dm2s reported for A. ramidus). The dm2s of BRT-VP-2/135 are, however, mesiodistally shorter and much smaller in crown area, falling outside the known range of A. afarensis27 and A. africanus28, but within the known range of A. anamensis29 (Fig. 3a and Supplementary Table 2).
Fig. 3: Quantitative comparison of the lower dentition in early hominins.

a–f, Box-and-whisker plots of crown area of the dm2 (a), C1 (b), P3 (c), C1:P3 ratio (d), P4 (e) and M1 (f) in A. ramidus, A. anamensis, A. afarensis and A. africanus compared with A. deyiremeda. The box in each plot represents the first to third quartiles of the dimensions, the line inside the box shows the median, and the horizontal lines outside the box represent the maximum and minimum values. The sample size is indicated by n. A statistical summary of the dental metrics used for this figure is provided in Supplementary Table 2 and Supplementary Data 2. The data were compiled from refs. 18,30 (A. ramidus), refs. 26,29 (A. anamensis), refs. 10,20,21,27 (A. afarensis) and ref. 28 (A. africanus).
Incisors
The central incisors of BRT-VP-2/135 are emerging and close to the level of the occlusal plane, whereas the lateral incisors are only slightly beyond alveolar emergence. The incisor crowns are absolutely larger than those of A. ramidus (n = 4)18,30 but fall within the known range of A. anamensis26,29 and A. afarensis10,27.
Canines
The canines of BRT-VP-2/135, generated from high-resolution micro-computerized tomography (micro-CT) visualization, lack prominent lingual relief with only a thin, posteriorly positioned vertical ridge present, demarcating a distally placed vertical lingual groove (Extended Data Fig. 4). This is in stark contrast to the lower canines of A. afarensis that have prominent lingual relief with a centrally positioned thick vertical lingual ridge25 creating prominent mesial and distal vertical lingual grooves (Extended Data Fig. 4d,e). The lack of lingual relief on the canines has been described as characteristic of both upper and lower canines of A. deyiremeda1. The lingual face and wear pattern of an isolated upper canine, BRT-VP-1/380, is also similar to A. anamensis canines such as KNM-KP 58309 and MRD-VP-1/1 in its lingual profile and wear pattern (Extended Data Fig. 5). Generally, the upper and lower canine crowns of A. deyiremeda are absolutely smaller than A. ramidus and other australopiths (see Fig. 4a–c for C1 dimensions). Morphologically, however, the height of the mesial crown shoulders relative to the overall crown height on both upper and lower canines is within the range of variation seen in A. afarensis.
Fig. 4: Upper canine and M1 size comparisons.

a–f, Box-and-whisker plots showing upper canine mesiodistal (MD) length (a), buccolingual (BL) breadth (b), the square root of MD multiplied by BL (c), M1 MD length (d), BL breadth (e) and the square root of MD multiplied by BL (f) in A. ramidus, A. anamensis, A. afarensis and A. deyiremeda. Note that A. deyiremeda has the smallest upper canines and M1s in the comparative sample. The box in each plot represents the first to third quartiles of the dimensions, the line inside the box shows the median, and the horizontal lines outside the box represent the maximum and minimum values. The sample size is indicated by n. A statistical summary of dental metrics used for this figure is provided in Supplementary Table 3, and the data were compiled from refs. 18,30 (A. ramidus), refs. 26,29 (A. anamensis), refs. 10,20,21,27 (A. afarensis) and ref. 28 (A. africanus).
Premolars
Both P3s of BRT-VP-2/135, also generated from micro-CT visualization, and BRT-VP-1/324 have large anterior foveae and diminutive to absent metaconids. Furthermore, in both left and right P3s of BRT-VP-2/135 and BRT-VP-1/324, the protoconid is positioned centrally and the transverse crest is oriented distolingually, whereas in A. afarensis, the protoconid apex is positioned more mesially in most P3s even though some specimens such as A.L. 128-23 and A.L. 288-1i have centrally positioned protoconid apices (Extended Data Fig. 6). However, these specimens—like all other known A. afarensis P3s—possess a transverse crest that forms less than 90° with the mesial protoconid crest (64.3–88.6° (n = 12) with an average of 76° and standard deviation of 7.6°), whereas in A. ramidus, A. anamensis and the P3s of BRT-VP-2/135, it is more than 90° (Extended Data Fig. 6). In the P3s from BRT, the mesial marginal ridge is also weak, and when viewed mesially, the anterior fovea is diamond shaped because of the steeply sloped buccal and weakly developed lingual segments of the mesial marginal ridge (Fig. 2h,m). All of these features are frequently seen in the P3s of A. anamensis from Kanapoi as well as in Pan troglodytes31. The P3 of the paratype mandible of A. deyiremeda (BRT-VP-3/14) also has a weakly developed metaconid, poorly definable lingual segment of the mesial marginal ridge whose mesial and distal segments are angled to the base of the crown, and distolingually oriented transverse ridge (Extended Data Fig. 6b). It is also high-crowned relative to its mesiodistal dimension, similar to the BRT-VP-2/135 P3s. Although substantial intraspecific variation in the P3 crown shape and occlusal morphology has been documented in A. anamensis and A. afarensis27,29, as well as in A. ramidus30, a few features distinguish the P3s of these two species. For example, the P3s of early A. anamensis from Kanapoi have relatively large anterior fovea and the metaconid is either absent or incipient when present26. Such intraspecific variation is also observed in the P3s from BRT. Overall, however, the occlusal morphology and shape of the BRT P3s are more similar to those of A. ramidus and A. anamensis than of A. afarensis (Extended Data Fig. 6). In terms of crown size, the P3s from BRT are on the lower size range of australopiths but larger than those of A. ramidus (Fig. 3c). However, the latter species has larger canines relative to the size of the P3 (Fig. 3d).
The P4 crowns of BRT-VP-2/135 (also generated from micro-CT visualization) and other isolated P4s (for example, BRT-VP-1/120; Extended Data Fig. 6b) have an oval occlusal crown outline, similar to A. ramidus and most A. anamensis P4s (for example, KNM-KP 53160, KNM-KP 29286 and KNM-ER 20342). Another P4, BRT-VP-1/363, is more likely the same individual as BRT-VP-1/2 based on its provenience and matches the latter in its preserved occlusal surface (Extended Data Figs. 1c and 2f). The preserved P4 on one of the paratypes of A. deyiremeda (BRT-VP-3/14) also appears to have had an oval outline even though it is moderately damaged. By contrast, most A. afarensis P4s have either a rhomboidal or square occlusal outline (Extended Data Fig. 6). In terms of their crown size, however, the BRT P4s fall within the known range of A. anamensis, A. afarensis and A. africanus (Fig. 3e and Supplementary Data 2). BRT-VP-2/89 (Extended Data Fig. 1j) is a complete P4 crown germ that is morphologically indistinguishable from the previously reported P4 (BRT-VP-3/37) of A. deyiremeda1 and the P4s of A. anamensis and A. afarensis. Its preserved crown dimensions are much larger than A. ramidus30 but fall within the range of A. anamensis26 and A. afarensis10 (Extended Data Fig. 1j and Supplementary Data 2).
Molars
Upper and lower molars of mid-Pliocene australopiths do not show significant metric and morphological variation. The size of two measurable M1s from BRT fall within the known range of Australopithecus species but larger than those of A. ramidus (Fig. 3f). This was also the case with the molars associated with the paratype mandible of A. deyiremeda1. However, upper molars of the holotype of A. deyiremeda (BRT-VP-3/1) have been shown to be smaller than other australopiths1. BRT-VP-1/365 is one of the newly found M1s and its size is only slightly larger than the M1 of BRT-VP-3/1 (Fig. 4d–f and Supplementary Data 2). Both molars are also buccolingually narrower than all known australopiths (Fig. 4e). This is one of the diagnostic features of A. deyiremeda.
Postcranial evidence
Two postcranial specimens have been recovered from BRT-VP-2. One of these is the partial foot (BRT-VP-2/73) previously described by Haile-Selassie et al.2. The second specimen (BRT-VP-2/87) is a right ischium of a juvenile individual found from the same locality and horizon as the partial foot. A detailed description of BRT-VP-2/87 is provided in Supplementary Information (see also Extended Data Figs. 7 and 8). The partial foot displays morphological features that suggest a greater ability for grasping than modern humans and most fossil hominins2,32. These features include relatively long, sagittally curved pedal proximal phalanges; increased diaphyseal torsion and curvature in the transverse plane curvature of the second metatarsal (MT2); increased curvature in the sagittal plane of the MT1 diaphysis; increased mediolateral curvature of the MT1 proximal articular facet; and a gracile hallucal proximal phalanx with diaphyseal curvature also in the sagittal plane. This is in stark contrast to the foot morphology of A. afarensis33 and provides further evidence for Pliocene hominin locomotor diversity (see Supplementary Information for further discussion).
The divergent hallux of A. ramidus (ARA-VP-6/500)34 clearly differs from the comparatively more adducted, less mobile, hallux of A. afarensis, principally based on the morphology of the medial cuneiform (A.L. 333-28) and its articular relationship with the MT1 (A.L. 333-54). The MT1s assigned to A. ramidus from Aramis (ARA-VP-6/500-089)34 and As Duma (GWM67/P2k)35 display paired articular facets on the dorsal side of the bone divided by what Lovejoy et al.34 refer to as a nonsubchondral isthmus (Extended Data Fig. 9). The expression of this MT1 head articular surface variation is hypothesized to reflect a divergent hallux as observed among extant African apes with arboreal foot-grasping adaptations34. Although there are subtle differences between the MT1 heads of the Aramis and As Duma specimens, including slightly increased dorsal doming in the latter, the BRT MT1 head is derived towards later hominins in lacking a nonsubchondral isthmus combined with mild dorsal doming and a more mediolaterally continuous MT1 head contour that bears resemblance to StW 595 (A. africanus) from Sterkfontein8. The MT2 of the BRT foot is also morphologically similar to StW 89 (refs. 2,32), another presumed A. africanus specimen from Sterkfontein. A multivariate analysis of 16 MT1 and fourth proximal phalanx (PP4) variables preserved across the partial feet of early hominins demonstrates that the A. afarensis (A.L. 333-115) and the BRT foot are both derived in the direction of modern humans relative to A. ramidus (ARA-VP-6/500). The placement of the BRT foot in the multivariate analysis is consistent with our observations of its more derived MT1 morphology than A. ramidus (Fig. 5).
Fig. 5: Multivariate analysis of foot morphology in early hominins.

a, The first three dimensions of the linear discriminant (LD1–3) analysis represent 98.9% of the sample variance. b, BRT-VP-2/73 has a relatively shallow MT1 head similar to ARA-VP-6/500 and African apes, and unlike A.L. 333-115 and Homo sapiens. c, BRT-VP-2/73 has a relatively wide MT1 head, overlapping with H. sapiens, whereas A.L. 333-115 and ARA-VP-6/500 have narrower, more African ape-like MT1 heads. d, The relative length of the BRT-VP-2/73 PP4 is reduced compared with ARA-VP-6/500 and A.L. 333-115, falling at the low end of the Gorilla distributions. e, The relative depth of the PP4 trochlea is reduced in BRT-VP-2/73 compared with ARA-VP-6/500 and A.L. 333-115. All linear distances are scaled by the geometric mean. The box-and-whisker plots display the median, interquartile range and range, along with individual values. The star and dashed vertical line indicate the values for BRT-VP-2/73, whereas the black circles are the other fossil hominins in panels b–e.
The presence of metatarsal head dorsal doming—albeit minimal—and non-hallucal proximal phalanges with dorsally oriented proximal articular facets indicate an increased range of dorsiflexion at the metatarsophalangeal joint, which occurs during push-off among plantigrade bipeds36 and digitigrade quadrupeds33. The combination of a relatively long MT4 and short MT1 implies that the oblique axis of the foot might have been used during the push-off period of the bipedal stance phase of the BRT hominin2,37. Although the torsion of MT4 of the BRT foot is consistent with the presence of a transverse arch that enhances midfoot stiffness during push-off38, its diaphysis is relatively long and slender and it preserves features that do not align with a rigid midfoot, such as a dorsal portion of the proximal articular surface that is mediolaterally curved, and a diaphysis that lacks a plantar orientation relative to its base. Likewise, the distal end displays a dorsomedial metatarsal head ridge that recalls the condition observed in some gorillas. Collectively, these lateral forefoot and midfoot traits suggest that the BRT hominin lacked the structural longitudinal arch and derived push-off morphology of the A. afarensis specimen A.L. 333-160 (ref. 39) and might have retained some midfoot mobility useful for climbing32.
Taxonomy and phylogenetic relationships
A. afarensis and A. deyiremeda have been identified from 3.5 to 3.3 Myr localities at Woranso-Mille1,20,21. The specimens assigned to A. deyiremeda derive from one of the localities at BRT (BRT-VP-3) and a slightly younger locality (WYT-VP-2), providing an age to the species between 3.5 and 3.3 Myr1. The specimens from BRT-VP-1 and BRT-VP-2 described here and in Haile-Selassie et al.1,2 are from a horizon that is contemporaneous with WYT-VP-2 (3.47–3.33 Myr) where one of the paratype specimens of A. deyiremeda has been found. Furthermore, most of the newly recovered dental and mandibular remains retain morphological features that are diagnostic of A. deyiremeda. Among the dentognathic features shared with A. deyiremeda are premolars with more primitive occlusal morphology compared with the contemporaneous A. afarensis, canines with less lingual relief, small M1s that are buccolingually narrow, mandibular body lacking lateral corpus hollow, and an anteriorly positioned ascending ramus root. The new dentognathic remains described here derive from the same stratigraphical unit as, and in close spatial proximity to, BRT-VP-2/73 (Fig. 1), suggesting that the latter can be confidently assigned to the same species. The absence of compelling evidence for the presence of more than one hominin species at the BRT localities also supports this assignment. The primitive aspects of the BRT foot could suggest a taxonomic attribution to a late-surviving species of Ardipithecus, but our understanding of the foot morphology of Pliocene hominins such as A. ramidus and A. afarensis is far from complete, and the pedal remains of A. anamensis are virtually unknown except for a fragmentary metatarsal shaft and an eroded distal phalanx from Asa Issie40.
The inclusion of the BRT foot in A. deyiremeda further demonstrates that the latter species is also more primitive in its foot morphology than A. afarensis. Conversely, some aspects of the MT1 and MT2 of BRT-VP-2/73 are similar to A. africanus from Sterkfontein than to A. afarensis. A. deyiremeda and A. africanus have also previously been shown to be similar in maxillary shape than either is to A. afarensis41,42. A parsimony analysis to assess the phylogenetic position of A. deyiremeda has previously shown that it is a sister to a clade containing A. africanus, Paranthropus and Homo1 with some dentognathic homoplasy. The inclusion of BRT-VP-2/73 in the A. deyiremeda hypodigm and its morphological similarity in some aspects of its morphology to A. africanus further highlights close relationship between these two taxa.
Diet in A. deyiremeda

Habitat reconstruction of Pliocene hominins using different paleontological and geological proxies have shown that different hominins lived in a range of habitats. Although morphological approaches have traditionally been used for dietary reconstructions43,44, carbon isotope data have been shown to provide a refined dietary signal43,44,45,46,47, particularly powerful when the number of dental specimens is limited. Among Pliocene hominins, dietary adaptations of A. deyiremeda remain unknown even though two previously analysed isolated hominin teeth from BRT-VP-1 yielded δ13C values < −10‰, indicative of a reliance on C3 foods47. For this study, an additional six A. deyiremeda teeth from the two BRT localities (BRT-VP-1 and BRT-VP-2) were sampled for their isotopic composition. Combined with previously published data from isolated hominin teeth from BRT-VP-1 (n = 2), presumably belonging to A. deyiremeda47, the mean δ13C value for the BRT teeth is −10.2 ± 1.2‰ and range from −12.4 to −8.8‰ (n = 8; Table 2 and Fig. 6a). Compared with other mammal teeth sampled for isotopic study from these localities (n = 10), the hominins yield some of the lowest δ13C values and indicate a diet dominated by C3 resources, despite the presence of other mammals that depended on either a mix of C3–C4 resources (for example, Theropithecus oswaldi cf. darti) or pure C4 graze (Notochoerus euilus; Fig. 6b).
Fig. 6: Boxplot of δ13C values for tooth enamel.

a, δ13C values of new A. deyiremeda teeth from BRT-VP-1 and BRT-VP-2 plotted with published data from other early and middle Pliocene hominins from eastern Africa. b, Other mammal teeth analysed from BRT-VP-1 and BRT-VP-2. For panel a, δ13C data came from the following sites and studies: for A. ramidus, Aramis, Sagantole Fm48; for A. anamensis, Turkana (Koobi Fora Formation and Kanapoi Fms)44; for A. afarensis, Hadar Fm at Hadar and Dikika46 and from two sites at Woranso-Mille (LDD and NFR)47; and for K. playtops, Nachukui Fm44. The hominin data from other study areas are plotted using the compilation by Levin et al.47. The previously published data from other mammal teeth analysed from BRT-VP-1 and BRT-VP-2 also came from ref. 47. The boxplots represent median values with the middle line, and the interquartile ranges as the horizontal edges of the box, and the minimum and maximum values are plotted as lines extending from the boxes, with outliers plotted outside these lines. Jitter points are plotted to visualize the distribution of all data points and the number of analyses. Only single points are plotted for cases where n = 1. VPDB, Vienna Pee Dee Belemnite international reference standard.
Table 2 Stable carbon and oxygen isotopic data of fossil hominin teeth from BRT-VP-1 and BRT-VP-2
Compared with other early and mid-Pliocene hominins at Woranso-Mille and elsewhere in the Afar, and from eastern Africa more broadly, the δ13C values from the BRT hominin teeth are indistinct from distributions of δ13C values from A. ramidus and A. anamensis teeth, but distinct from δ13C values for A. afarensis and Kenyanthropus playtops (Table 3 and Fig. 6a). A. anamensis (n = 12)44,45,46 and earlier hominins such as A. ramidus (n = 5)48 relied mainly on C3 food resources even though A. anamensis may also have consumed a substantial amount of C4 resources49. Species such as A. afarensis and Kenyanthropus platyops utilized a wide range of both C3 and C4 resources44,46. The lower δ13C values of the BRT hominin teeth, with more limited distributions, and their similarity to those from A. ramidus and A. anamensis, indicate that the BRT hominins may have retained dietary strategies of these older (more primitive) hominins, corroborating morphological observations.
Table 3 Summary statistics for δ13C values of hominin teeth compared in this study
Discussion and conclusion
Newly discovered 3.47–3.33 Myr fossil hominin specimens from mid-Pliocene Woranso-Mille have been described. Comparative analysis of these mostly dentognathic remains shows that they can confidently be assigned to A. deyiremeda, based on features diagnostic of the species (for example, lack of lingual relief on both upper and lower canines and relatively smaller teeth). Although A. deyiremeda appears to be more derived than A. afarensis in certain maxillary (low, anterior zygomatic origin)1,41,42 and mandibular traits (lack of lateral corpus hollow)1, this study found that its premolar occlusal morphology (oval P4 outline and reduced or absent P3 metaconid) resembles the earlier A. anamensis and A. ramidus, indicating that it is dentally more primitive than A. afarensis.
Enamel isotope analysis also suggests that A. deyiremeda had a C3-dominated diet, similar to A. anamensis and A. ramidus. The BRT partial foot (BRT-VP-2/73) is assigned to A. deyiremeda due to its temporal and spatial association with dentognathic materials assigned to the species. This assignment provides the most compelling evidence for multiple bipedal adaptations in Australopithecus, despite shared postcanine megadontia. Although the exact timing of dental enlargement in australopiths remains uncertain, it probably reflects adaptation to changing environments and diverse dietary niches. Previous studies have highlighted variability in early australopith foot morphology, indicating diverse bipedal forms, each with variable pelvic, limb and foot morphology50. Current evidence has suggested that some species—such as A. deyiremeda, A. africanus and Australopithecus sediba—remained capable climbers, whereas others such as A. afarensis were more terrestrial. The mosaic craniodental and postcranial morphology of A. deyiremeda raises questions about skeletal integration, and confirms that postcanine megadontia and obligate, human-like bipedality did not evolve simultaneously. The origin of Australopithecus correlates with increased craniodental size—possibly linked to selection for smaller canines and premolar molarization—preceding full obligate bipedality.
Although mid-Pliocene hominin paleobiology and locomotion remain incompletely understood40, the BRT foot confirms the presence of multiple bipedal forms during the Pliocene. Further postcranial fossil discoveries, particularly of early species such as A. anamensis, will be crucial to fully understanding the origins of obligate human-like bipedality.
Methods
Micro-CT scanning and visualization protocols
The BRT mandible (BRT-VP-2/135) was scanned (with permit from the Ethiopian Heritage Authority to Y.H.-S.) using a GE v|tome|x L300 industrial multiscale micro-CT scanner at the Pennsylvania State University Center for Quantitative Imaging with the following scan parameters: 150 kV, 200 μA, 0.2-mm Al filter, 2,400 projections, 5 frames averages per projection, detector timing of 500 ms and reconstructed with an isotropic voxel size of 32.5 μm. The data were segmented and a three-dimensional isosurface of the unerupted teeth and external surface of the mandible were created in Avizo v9.5 (Thermo Fisher Scientific). Enamel and dentine surfaces of erupted teeth were segmented using automated thresholding, whereas dental tissue boundaries for the unerupted dentition were segmented manually. All dental tissue boundaries (enamel, dentine and pulp) were manually traced approximately every ten slices and filled in using the interpolation tool. These interpolated regions were then visually inspected for boundary integrity and continuity and manually edited if needed. Cross-sectional images of each tooth were generated in Avizo v9.5 (Thermo Fisher Scientific) using the slice tool so that each cross-section captured the maximum extent of the dentine horn as close to the cusp tip as possible. Surface models of each tooth were exported and processed (spikes and small holes removed) in GeoMagic Wrap 2017.
Enamel isotope sampling
Enamel from isolated fossil teeth sampled with a hand-held dental drill and diamond-burred bits, targeting broken surfaces where possible. Sample powders were treated with 3% hydrogen peroxide for 15 min and then with 0.1 M buffered acetic acid, rinsing three times after each treatment, and then dried at 60 °C overnight before analysis. Treated powders were then analysed on Kiel IV (15 min reaction in H3PO4 at 75 °C), coupled to a Thermo Fisher MAT 253 mass spectrometer at the University of Michigan Stable Isotope Laboratory and calibrated using calcite standards. Oxygen isotope values were calculated assuming a temperature-dependent acid fractionation factor for fossil teeth51. External precision of working enamel standards during the analysis were less than 0.4‰ and less than 0.15‰ for δ13C and δ18O values, respectively. Isotopic data are reported relative to the Vienna Pee Dee Belemnite standard.
Statistics were calculated in R (2024.04.2 + 764). The ± symbol indicates standard deviation. Statistics of difference were calculated using the unpaired Wilcoxon–Mann–Whitney rank-sum test, with significant distinctions set with P = 0.05.
Multivariate analysis of partial feet
Linear discriminant analysis was used to test whether extant taxa (H. sapiens
n = 52, P. troglodytes
n = 39, Pan paniscus
n = 18, Gorilla gorilla
n = 30, Gorilla beringei
n = 31 and Pongo spp. n = 22) could be separated using 16 MT1 and PP4 variables preserved among BRT-VP-2/73, A.L. 333-115 and ARA-VP-6/500. The variables include 5 MT1 variables (midshaft mediolateral width, midshaft dorsoplantar depth, dorsal head width, plantar head width and head dorsoplantar depth) and 11 PP4 variables (length, maximum dorsoplantar depth of base, dorsoplantar depth of proximal articular facet, maximum mediolateral width of base, mediolateral width of the proximal articular facet, midshaft mediolateral width, midshaft dorsoplantar depth, mediolateral width of trochlea, dorsoplantar depth of trochlea, diaphyseal curvature and a dorsal canting ratio). Diaphyseal curvature was calculated using measurement photographs, and the dorsal canting ratio is the ratio of the dorsal interarticular length to the plantar interarticular length. All linear measurements were scaled by a geometric mean composed of 14 measurements per individual. The pooled covariance matrix of the 16 variables was analysed using linear discriminant analysis in R v4.4.0.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All data used in this article are presented in the Supplementary Information. Request to access the three-dimensional scans of specimens included in this article should be sent to the Ethiopian Heritage Authority at yonasyilma2627@gmail.com.
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Extended data figures and tables
Extended Data Fig. 1 Dental specimens from BRT-VP-1 and BRT-VP-2.
a, BRT-VP-1/234 in occlusal, mesial, and distal views. b, BRT-VP-1/256 in occlusal, lingual and mesial views. c, BRT-VP-1/363 in occlusal, distal, lingual, and mesial views. d, BRT-VP-1/365 in occlusal, mesial, distal, lingual, and buccal views. e, BRT-VP-1/1 in occlusal view. f, BRT-VP-1/2 in occlusal and buccal views. g, BRT-VP-1/13 in occlusal, lingual, buccal, mesial, and distal views. h, BRT-VP-1/18 in occlusal and mesial views. i, BRT-VP-1/118 in occlusal view. j, BRT-VP-2/89 in occlusal and mesial views. k, BRT-VP-1/324 in occlusal, buccal, lingual, mesial, and distal views. l, BRT-VP-1/380 in occlusal, buccal, lingual, mesial, and distal views. Specimens e-j were listed in Table 1 in Haile-Selassie et al.1. Their brief description is provided in Supplementary Information.
Extended Data Fig. 2 Cranial, dental and mandibular specimens from BRT-VP-1 and BRT-VP-2.
BRT-VP-2/10-150 in ectocranial (a), endocranial (b), anterior (c), and posterior (d) views. BRT-VP-1/345 in occlusal (e), buccal (f), and lingual (g) views. BRT-VP-1/271 in occlusal (h), lingual (i), buccal (j), and anterior (k) views. BRT-VP-2/258 in occlusal (l), buccal (m), and lingual (n) views. BRT-VP-2/200 in ectocranial (o), endocranial (p), posterior (q), and anterior (r) views.
Extended Data Fig. 3 Fractional stages of mandibular incisor formation.
This figure (adapted from ref. 22) shows the frequency distribution of the fractional stages of mandibular central incisor (crown & root) formation in extant great ape and modern human individuals where the M1 is at stage R¾. Aside from fractional staging, the crown, root, or the root apex of the incisor can be initiating (“i”), complete (“c”), or closed (“cl”). Relative to M1 development, gracile (i.e., chronologically older) australopiths are delayed in incisor formation relative to chronologically younger early Homo. Incisor development being at least one half complete (i.e., R½ or less) characterizes all great apes and occurs in only 20.4% of all modern humans sampled. Central incisors of BRT-VP2 (orange polygon) are between R¼ and R½ (slightly closer to R½) which, among early hominins that died with their first molar roots three-quarters formed, is most similar to specimens from Laetoli (LH3; Au. afarensis) and Kanapoi (KNM-KP 34725; Au. anamensis), and dissimilar to early Homo (StW 151 and KNM-ER 820). Thus, BRT-VP-2/135 evinces a state of mandibular central incisor development observed in a relatively small fraction of modern humans, but one that is common in great apes. Silhouettes were created using PhyloPic (http://phylopic.org): Pan troglodytes by T. M. Keesey under a Creative Commons licence CC BY 3.0; Gorilla gorilla by M. Michaud under a Creative Commons licence CCO 1.0; Pongo by D. J. Ardesch under a Creative Commons licence CCO 1.0; and Homo sapiens by A. Farke under a Creative Commons licence CC BY 3.0.
Extended Data Fig. 4 BRT-VP-2/135 canines compared to Au. afarensis canines.
a, the right canine of BRT-VP-2/135, unreconstructed and reconstructed lingual views, and buccal view. b, occlusal, mesial and distal views of the right canine of BRT-VP-2/135. c, labial, mesial, distal, and lingual views of the preserved distal half of the left canine of BRT-VP-2/135. d, A.L. 400-1b lower canine with prominent vertical lingual ridge (black arrow). e, A.L. 200-1 upper canine with prominent vertical lingual ridge. Note that the BRT-VP-2/135 right canine does not have a prominent lingual ridge. Rather, it has a thin crest-like structure that bounds the distal lingual groove mesially.
Extended Data Fig. 5 Upper canine crown shape and wear pattern.
Black and grey arrows show the length and orientation of the mesial and distal crown shoulders, respectively. Note that the length and orientation of the mesial crown shoulder in BRT-VP-1/380 is similar to Au. afarensis, whereas the distal crown shoulder is short and oriented obliquely as in the Au. anamensis canines. The wear pattern in BRT-VP-1/380 is also similar to Au. anamensis canines where the wear, as shown by the red stars, extends to the lingual face and basal tubercle of the crown. Figure was adapted from ref. 52, Springer Nature.
Extended Data Fig. 6 Early hominin lower premolar morphology.
Relatively unworn lower premolars of Au. afarensis (a), BRT-VP-2/135 (b), Au. anamensis (c), and Ar. ramidus (d). Some P3s of Au. afarensis have more primitive occlusal morphology (e.g., metaconid non-existent or incipient, centrally positioned protoconid (white arrow)). However, like the derived P3s with well-developed metaconid, they are associated with a P4 that has a rhomboidal occlusal outline. The mesial protoconid crest-transverse crest angle is <90° as shown in A.L. 128-23 and A.L. 288-1i. On the other hand, The P3s of BRT-VP-2/135 (b), have diminutive to absent metaconid with a centrally positioned protoconid and the mesial protoconid crest-transverse crest angle is >90°. The P4s are also oval in occlusal outline. This is the combination of traits seen in the earlier hominins such as Au. anamensis (c) and Ar. ramidus (d).
Extended Data Fig. 7 BRT-VP-2/87.
Lateral (a), medial (b), and posterior (c) views.
Extended Data Fig. 8 Ontogenetic series of juvenile human ischia.
Fourteen modern human ischia ranging in age from 1 to 6 years are shown. The age and sex of each individual are provided. y = year; (M) = male; (F) = female. These specimens were sampled from the Hamann-Todd human skeletal collection at the Cleveland Museum of Natural History, Cleveland, OH, USA.
Extended Data Fig. 9 Hallucal metatarsophalangeal joint morphology in early hominins.
Note the presence of a nonsubchondral isthmus in Gorilla gorilla and Ardipithecus ramidus (ARA-VP-6/500-089, GWM67/P2k). In contrast, BRT-VP-2/73c, A.L. 333-115, and A.L. 333-21, StW 562, and StW 595 possess more rounded articular facets, which is the condition derived toward later hominins. Note that StW 562 and StW 595 have bony growths on the dorsolateral region of the head, which are non-articular and do not contribute to the formation of a nonsubchondral isthmus. Also note the extreme dorsal head doming of AL. 333-115 and A.L. 333-21 compared to the Homo sapiens MT1. The asterisk signifies the specimen was mirrored for comparison to BRT-VP-2/73c. The ARA-VP-6/500-089 image was reproduced from ref. 34, AAAS. The GWM67/P2k image was provided by S. W. Simpson. All other scans were generated by T.C.P.
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Supplementary Data 1
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Abstract
Unravelling the genetic basis of the remarkable phenotypic diversity observed in natural populations remains a central challenge in biology1,2,3,4. Despite major advances5,6,7,8,9,10,11,12,13,14,15,16,17,18,19, no species has yet been characterized with a truly comprehensive atlas of genetic variation. Here we present an extensive genomic and phenotypic resource for the yeast Saccharomyces cerevisiae based on near telomere-to-telomere assemblies of 1,086 natural isolates. Leveraging these high-contiguity assemblies, we generated a highly complete species-wide structural variant atlas, gene-based pangenome and graph pangenome. By incorporating the full spectrum of genetic variation captured across the species, we conducted genome-wide association studies across 8,391 molecular and organismal traits19,20,21,22. The inclusion of structural variants and small insertion–deletion mutations improved heritability estimates by an average of 14.3% compared with analyses based only on single-nucleotide polymorphisms. Structural variants were more frequently associated with traits and exhibited greater pleiotropy than other variant types. Notably, the genetic architecture of molecular and organismal traits differed markedly. Together, this work provides a unique dataset that illuminates how diverse forms of genetic variation shape phenotypic diversity and lays the groundwork for integrative, genome-scale studies in other eukaryotic systems.
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Main
A comprehensive understanding of the genetic architecture that underlies phenotypic diversity requires looking beyond single-nucleotide polymorphisms (SNPs) to encompass the full spectrum of genetic variation4,5,6,7,8. Although genome-wide association studies (GWASs) have uncovered thousands of loci linked to complex traits, they have historically concentrated on small variants, mainly SNPs, largely owing to constraints in detecting larger, more complex variants at the species level12,13,23. In this context, structural variants (SVs), including insertions, deletions, duplications and rearrangements, remain underexplored despite their potential to exert substantial phenotypic effects in complex traits. Emerging long-read sequencing strategies and pangenome approaches now enable high-resolution detection of SVs at the population level9,14,15,16,17,18,24,25,26, but assembling complete, telomere-to-telomere genomes for large cohorts remains a challenge.
On the phenotypic front, integrating molecular traits such as transcript, protein, and metabolite levels with organismal phenotypes provides a more detailed view of trait architecture20,27,28,29,30,31,32,33. Multilayered phenotypic data across large, natural populations are still uncommon. The budding yeast S. cerevisiae represents a unique opportunity in this context. With over 1,000 natural isolates spanning diverse ecological and geographic origins19, and rich datasets capturing both organismal and molecular phenotypes19,20,21,22, it is ideally suited for dissecting the contribution of complex variants to trait diversity. However, the lack of a population-scale SV catalogue has thus far limited our ability to fully resolve how different variant types shape phenotypic variation.
Here, we assembled near telomere-to-telomere genomes for 1,086 natural S. cerevisiae isolates using long-read sequencing, enabling a comprehensive catalogue of SVs and gene content diversity at the species level. By integrating this genomic resource with 8,391 molecular and organismal traits, we reveal that SVs are more frequently associated with phenotypic variation and exhibit greater pleiotropy than SNPs and small (less than 50 bp) insertions–deletions mutations (indels), particularly for organismal traits. A graph-based pangenome uncovered 2.5 Mb of non-reference sequence, underscoring the extent of uncharted genomic diversity. This study addresses a critical gap in our understanding of how different types of genetic variation contribute to phenotypic diversity.
High-quality assemblies of 1,482 genomes
To comprehensively capture species-wide diversity, we sequenced 989 natural S. cerevisiae isolates using Oxford Nanopore technology (ONT)19,34 (Fig. 1a), achieving an average depth of 95× and an N50 of 19.1 kb (Fig. 1b, Supplementary Fig. 1 and Supplementary Table 1). We supplemented this with ONT data from 14 beer isolates35 and 24 Taiwanese isolates36, for a total of 1,027 isolates. A hybrid assembly pipeline was utilized to maximize contiguity and completeness (Supplementary Fig. 2 and Methods), yielding chromosome-scale assemblies for 1,015 isolates. We also included 71 assemblies from the S. cerevisiae reference assembly panel7, resulting in 1,086 isolates overall.
Fig. 1: General framework and genome assembly for 1,086 isolates.

a, Schematics of the pangenome and association analyses. eQTL, expression QTL; pQTL; protein QTL; gCNVs, genomic CNVs. b, Long-read sequencing depth and reads N50 per isolate, for 989 newly sequenced isolates. The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR). c, Haplotype resolution of genome assemblies for 1,086 isolates. d, Assembly contiguity represented as Nx value (length of the shortest contig in the group of the longest contigs that represent x% of the assembly length) for 1,482 assemblies. The white line represents the reference genome assembly, and the blue dashed line corresponds to the mean value for all assemblies.
These isolates vary in ploidy and zygosity, with 75% being diploid, of which 55.2% are heterozygous (Fig. 1c and Supplementary Table 2). Haplotype-resolved assemblies were generated for 396 of the 456 non-polyploid heterozygous isolates, and the remaining 60 were assembled in collapsed form (Fig. 1c and Supplementary Note 1). Altogether, we generated 1,482 high-quality assemblies across the 1,086 isolates (Supplementary Table 2).
Assembly quality was assessed across several metrics. Contiguity matched the reference genome (Fig. 1d), with a median of 1.06 contigs per chromosome and 97.2% of the chromosomes assembled into a single contig (Extended Data Fig. 1a, Supplementary Table 2 and Supplementary Note 2). Assembly sizes ranged from 11.17 Mb to 12.95 Mb (mean = 11.90 ± 0.17 Mb) (Extended Data Fig. 1b). Accuracy, based on Illumina data and Merqury estimates, had an average Merqury quality value of 41.5 (Extended Data Fig. 1c), and completeness averaged 99.1% by BUSCO, closely matching the reference score37 of 99.4% (Extended Data Fig. 1d). These results confirm that, although they do not always encompass the entire telomere-to-telomere sequence (Supplementary Note 2), the assemblies exhibit contiguity and completeness close to those of the reference genome, reaching near telomere-to-telomere status.
Species-wide SV spectrum
This comprehensive set of genome assemblies enabled accurate detection of SVs (SVs larger than 50 bp) in a highly diverse population. Through pairwise alignment of the assemblies with the S288c reference genome (Fig. 1a), we identified a total of 262,629 redundant SVs across 1,086 isolates, corresponding to 6,587 unique events. Systematic validation of 500 SVs based on the mapping of short-read sequencing data confirmed sequence disruption in 95% of the SV calls (Supplementary Note 3). SVs were classified into four categories: presence–absence variations (PAVs, 4,755 events), segmental copy-number variations (CNVs) (1,207), inversions (231) and translocations (394) (Fig. 2a). Together, these SVs span a total of 27.3 Mb of sequences, excluding translocations. Transposable elements (TEs), particularly Ty elements, are major contributors to SVs in S. cerevisiae. Ty elements are found spanning over 50% of the SV sequence in 39% of PAVs (1,834 events), 20% of inversions (46 events) and 9% of CNVs (104 events) (Supplementary Table 3).
Fig. 2: SV landscape.

a, Number of non-redundant SV events per type and frequency in the population. Frequency categories are rare (MAF < 1%), low-frequency (1% ≥ MAF > 5%) and common (MAF ≥ 5%). INV, inversions; TRA, translocations. b, Rarefaction curves and extrapolation for each type of SV. c, MAF of TE-related and non-TE-related SVs. P value was calculated using a two-sided Mann–Whitney–Wilcoxon test (****P = 5.2 × 10−39). The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the IQR. d, Enrichment of SNPs, indels and SVs in subtelomeric regions. P values were computed using two-sided Fisher’s exact tests with FDR correction (****P = 0 for SNPs-indels, ****P = 3.5 × 10−234 for SNPs-SVs and ****P = 2.9 × 10−92 for indels-SVs,). e, Structural diversity along chromosomes, represented by outer blue rectangles, for each type of SV. Blue points correspond to regions that are outliers in structural diversity. The inner plot represents a map of translocations, coloured according to their MAF. f, Proportion of the SV types in the SV signature of wine, beer, Asian fermentation (AF) and wild isolates. Total represents all the SVs involved in any clade signature. P values were computed using Pearson’s chi-squared test with FDR correction (****P = 7.2 × 10−5). g, Correlation between the number of SNPs and SVs across 970 non-polyploid isolates using a Spearman correlation test (P = 4.4 × 10−211). Larger points correspond to the average value per clade. Coloured points indicate deviation from the correlation using Pearson’s chi-squared test with Bonferroni correction (P = 9.4 × 10−4 (AU wine 2), P = 9.8 × 10−5 (Alpechín), P = 3.2 × 10−4 (Georgian wine), P = 0.024 (Belgium beer 1), P = 0.049 (French dairy), P = 3.8 × 10−16 (Chinese wild)).
The large size of our population enabled precise quantification of SV diversity in S. cerevisiae. A median of 289 SVs was observed between isolates. We calculated a structural diversity of 2.0 × 10−5, defined as the average number of SVs per site between isolate pairs, two orders of magnitude lower than nucleotide diversity in the same population19 (Methods). Extrapolating SV accumulation with increasing sample size, we estimated a total of 7,237 SVs, indicating that our dataset captures more than 90% of all SV events in the species (Fig. 2b). Capture rates varied slightly by SV type, from 92.4% of inversions to 83.7% of translocations (Supplementary Table 4). We also estimated species coverage, the proportion of redundant SVs recovered, which reached 99.5%, suggesting nearly complete representation of shared SVs (Extended Data Fig. 2 and Supplementary Table 4).
In addition, the large sample size also enabled accurate estimation of SV allele frequencies in the population. Similar to SNPs, SVs are skewed towards low frequencies: 69% are rare (minor allele frequency (MAF) < 1%), 20% are low-frequency (1% ≤ MAF < 5%) and only 11% are common (MAF ≥ 5%) (Fig. 2a). Frequency patterns varied by SV type, translocations and inversions were rarer than PAVs and CNVs (Extended Data Fig. 3a). Their site frequency spectra resembled those of nonsense mutations19, suggesting strong deleterious effects (Extended Data Fig. 3b). Additionally, Ty-related SVs were more frequently shared across isolates than non-Ty-related ones (Fig. 2c and Extended Data Fig. 3c).
Finally, we used haplotype-resolved assemblies from 396 heterozygous isolates to assess structural heterozygosity in S. cerevisiae. The proportion of heterozygous SVs per isolate ranged from 11% to 94% (Extended Data Fig. 4a,b) and was strongly correlated with SNP heterozygosity (Spearman R = 0.79, P < 2.2 × 10−16; Extended Data Fig. 4c). SVs in subtelomeric regions showed higher heterozygosity (Extended Data Fig. 4d), consistent with the known structural variability of these regions. Inversions and translocations exhibited higher heterozygosity than PAVs and CNVs (Extended Data Fig. 4e). SV length was correlated with heterozygosity (Spearman R = 0.55, P = 2.6 × 10−8; Extended Data Fig. 4f), with SVs greater than 30 kb in size showing a marked shift towards heterozygosity (78% heterozygous) compared with smaller SVs (less than 30 kb, 45% heterozygous). This size effect helps explain the increased heterozygosity observed for typically larger SV classes such as inversions and translocations (Extended Data Fig. 4g).
Genomic distribution of SVs
We analysed the genomic distribution of SVs and found it to be highly uneven, with significant enrichment in subtelomeric regions (two-sided Fisher exact test, P = 1.1 × 10−309). Although SNPs and indels are also enriched in these regions, the enrichment is much stronger for SVs (Fig. 2d). By computing structural diversity along the genome, we identified bursts of diversity that are often specific to a single SV type (Fig. 2e) and defined 46 SV hotspots (Supplementary Table 5), including 21 translocation hotspots, nearly all in subtelomeric regions. One notable exception is a well-described reciprocal translocation between chromosomes 8 and 16, which confers sulfite resistance through the overexpression of the SSU1 gene located near the breakpoint38 (Fig. 2e). Hotspots for PAVs, CNVs and inversions often mapped to TE-rich regions or SV-prone genes, such as FLO39,40, CUP1 (ref. 41), and genes with tandem repeats, such as HPF1, SPA2 and NUM1 (refs. 42,43). An inversion hotspot on chromosome 14 overlaps a 24-kb region flanked by inverted repeats, probably driven by recombination44.
These findings indicate that SV hotspots arise either from genome fragility, linked to Ty elements or repetitive sequences, or from adaptive pressures targeting specific genes. To distinguish these mechanisms, we examined the distribution of hotspot SVs across species clades with known ecological origins45. Out of the 46 hotspots, 23 were evenly distributed across clades and localized to fragile regions (Supplementary Table 5), whereas the remaining 23 were clade-enriched, reflecting either population bottlenecks or local adaptation—for example, SVs associated with sulfite and copper resistance were enriched in wine isolates (Supplementary Table 5).
SV diversity and population structure
To explore the relationship between population structure and SV diversity, we built separate phylogenies using SNP and SV genotypes (Supplementary Fig. 3). Despite minor differences, the overall tree topology was conserved, with clades clustering consistently, indicating distinct SV signatures per clade. Using allelic enrichment of non-singleton SVs, we identified 1,933 SV alleles that were significantly over-represented in at least one clade, resulting in 3,559 clade–SV associations (Supplementary Table 6). The types of SVs involved varied by clade—for example, translocations were enriched in wine clades (Pearson’s chi-squared test, P = 7.2 × 10−5; Fig. 2f and Extended Data Fig. 5).
We also assessed whether SV and SNP diversity scaled similarly across clades. Although SV and SNP counts per isolate were generally correlated (R = 0.69, P < 2.2 × 10−16; Fig. 2g), deviations were observed. Wild clades, particularly the Chinese wild group, the species’ ancestral population19, deviates from this correlation, with fewer SVs than expected based on the number of SNPs, or more SNPs than expected based on the number of SVs (Fig. 2g). A similar trend in the Alpechín clade probably reflects SNP inflation due to introgression. By contrast, domesticated clades (French dairy, beer and wine) showed an excess of SVs, suggesting that SVs contributed to rapid adaptation during domestication.
Overall, our assemblies enabled a near-complete view of SV diversity in S. cerevisiae, revealing a landscape shaped by both population structure and adaptive processes.
A complete gene-based pangenome
The comprehensive analysis of high-quality genome assemblies enabled a complete reconstruction of the S. cerevisiae gene-based pangenome that delineates the exhaustive catalogue of genes that are present in the species. Across the population, we identified 8,541 gene families (hereafter referred to as genes), including 2,199 absent from the reference genome (Methods). Gene counts per isolate ranged from 6,438 to 6,814 (average of 6,651; Supplementary Fig. 4). The pangenome consists of 5,047 core genes shared by all isolates and 3,494 accessory genes with variable presence. Accessory genes were further classified into soft core (1,263 genes present in >90% of isolates), dispensable (2,102 genes in 0.001–90%) and private (129 genes unique to one isolate) categories (Fig. 3a). The high proportion of core and soft core genes (73.9%) indicates moderate gene content variation, consistent with a closed pangenome typical of many eukaryotes14,18,25,46,47,48. The genes captured by our population represent 99.5% of the species estimate (Fig. 3b and Supplementary Table 7), demonstrating the high completeness of our defined gene-based pangenome.
Fig. 3: Gene-based pangenome.

a, Distribution of the frequency of genes in the population. Colours correspond to different frequency categories (core, soft core, dispensable and private), and pie charts represent the number of genes in each category. b, Rarefaction curves of the number of genes for pan, core and accessory genomes. c, Distribution of gene location along chromosomes. Colours represent frequency categories. A large introgression event found in strain CPN produces a private gene signature between 424 and 590 kb on chromosome 7. d, Inferred origin of genes constituting the different frequency categories. e, Distribution of the gene length per origin. Dashed vertical lines represent the median value for each origin. Letters discriminate groups between which a two-sided Mann–Whitney–Wilcoxon test with FDR correction is significant with P < 0.05. P < 2.6 × 10−8 (A versus B), P < 1.8 × 10−31 (A versus C), P < 3.2 × 10−24 (B versus C). f, Number and origin of genes involved in the gene signature of each clade. Stripes indicate candidate origin, whereas the absence of pattern indicates a confident origin (Methods). g, Presence of MEL genes in the population. The gene tree was built from multiple sequence alignment of all genes of the pangenome associated to an alpha-galactosidase activity, in addition to the S. paradoxus and S. mikatea homologous genes. The inner tree represents the 1,086 isolates of our study and was built using a neighbour-joining strategy on SNP markers.
Core and accessory genes display distinct genomic and functional characteristics. Accessory genes are highly enriched in subtelomeric regions (two-sided Fisher’s exact test, odds ratio = 0.03, P < 2.2 × 10−16; Fig. 3c and Supplementary Table 8), further reflecting the genomic variability of these regions. Using previously generated transcriptomic data20, we found that core genes are more highly expressed than accessory genes (Supplementary Fig. 5), consistent with findings in other species14,18,49,50. Functional enrichment analyses confirmed that core genes are involved in essential biological processes (Supplementary Fig. 6 and Supplementary Table 9).
To investigate the origin of non-reference genes, we aligned novel gene sequences to a curated eukaryotic database (Supplementary Table 8 and Methods). Among the 2,199 novel genes, 1,233 (56.1%) showed highest similarity to close Saccharomyces relatives, suggesting introgression, and 358 (16.3%) were most similar to non-Saccharomyces species, which is indicative of horizontal gene transfers (HGTs). Another 516 genes (23.5%) showed low identity to reference homologues but aligned best to S. cerevisiae, suggesting rapid evolution, and were classified as fast-evolving genes. The remaining 92 genes (4.2%) lacked significant similarity and may represent de novo gene birth51. These four categories represent the bulk of the accessory genome (Fig. 3d), all sharing features such as subtelomeric localization and low expression (Extended Data Fig. 6). Gene length varies across categories, with introgressed genes being similar in size to reference genes, while HGTs, fast-evolving, and de novo genes tend to be shorter52 (Fig. 3e).
Gene content variation is structured by population. Clustering isolates by gene presence/absence reveals strong population stratification (Extended Data Fig. 7). Enrichment analyses showed widespread introgression across clades, with notably high levels in Alpechín, Mexican agave, and French Guiana isolates, confirming past hybridization events19,53,54 (Fig. 3f and Supplementary Table 10). HGTs were also identified in wine isolates, consistent with previous reports19,55, and partially shared with the Mixed Origins 1 clade, suggesting post-acquisition intraspecific gene flow.
While overall functional content remains conserved across isolates, some introgressed genes appear to confer novel traits. For example, we identified seven introgressed MEL genes encoding alpha-galactosidase activity, allowing growth on melibiose (Supplementary Table 8). These genes, present in phylogenetically distant clades and closely related to homologues from Saccharomyces paradoxus and Saccharomyces mikatae, are likely to represent parallel acquisitions (Fig. 3g), contributing to convergent functional adaptations.
SVs drive broad trait associations
The genome assemblies of more than 1,000 isolates enabled a comprehensive catalogue of genetic diversity, adding 44,804 SVs to the 1.4 million SNPs and 56,086 indels (<50 bp) identified previously (Methods). This resource complements previous phenotypic data spanning 241 colony growth traits (used here as organismal trait proxies), and 8,150 molecular traits, including transcriptomic and proteomic measurements19,20,21,22 (Fig. 1a). Including SVs and indels alongside SNPs increased trait heritability estimates by 14.3% on average (0.36 versus 0.41; Supplementary Fig. 7 and Supplementary Table 11), in line with earlier reports8,56. More importantly, this dataset enables GWASs at single-variant resolution, allowing for direct analysis of the phenotypic effects of SNPs, indels and SVs.
Using a linear mixed model57, we identified 7,768 significant associations linking 3,717 traits to 4,564 QTL (Fig. 4a and Supplementary Table 12), with 3,471 SNP-QTL, 230 indel-QTL and 863 SV-QTL. This corresponds to 6.5%, 10.5%, and 19.8% of tested SNPs, indels and SVs, respectively (Fig. 4b), revealing a strong enrichment of SV-QTL (two-sided Fisher’s exact tests with false discovery rate (FDR) correction, P = 6.6 × 10−161 and 4.9 × 10−20 versus SNPs and indels). SV-QTL also show greater pleiotropy, affecting 2.82 traits on average compared with 1.45 for SNP-QTL and 1.34 for indel-QTL (Fig. 4c; two-sided Wilcoxon tests with FDR correction, P < 10−14). Pleiotropic QTL, which are associated with more than one trait, account for 48.6% (419) of SV-QTL, whereas only 20.3% (2,766) and 21.3% (49) of SNP-QTL and indel-QTL (two-sided Fisher’s exact test, P < 10−14).
Fig. 4: A large catalogue of genome-wide associations.

a, Distribution of 4,564 QTL detected along the genome. The type of the leading variant involved is colour-coded. b, Proportion of each type of variant among QTL (inner circle) and the total set of common variants (outer circle). The bar plot indicates the odds ratio of the QTL in reference to the total set of variants. Letters discriminate groups between which a two-sided Fisher’s exact test with FDR correction is significant with P < 0.05. P = 1.9 × 10−12 (A versus B), P = 6.6 × 10−161 (A versus C), P = 4.9 × 10−20 (B versus C). c, Distribution of the number of traits associated per QTL, coloured by variant type. The dashed vertical line indicates the average number of traits. d, Number of traits associated depending on the position of QTL along the genome. QTL hotspots (associated with 20 traits or more) are highlighted. Colour and orientation correspond to the type of QTL.
SV-QTL are enriched in subtelomeric regions (Fig. 4a; two-sided Fisher’s exact test, P = 0 and 6.2 × 10−50 versus SNP-QTL and indel-QTL), in line with their known genomic location (Fig. 2d). Additionally, SVs contribute disproportionately to QTL hotspots: 15 SVs are each associated with at least 20 traits, compared with just 3 SNPs and no indels (Fig. 4d). One major SV-QTL hotspot involves a recombination-driven fusion of the ALD2 and ALD3 genes, associated with 66 expression and 30 growth traits. This SV arose independently multiple times, producing five alternate coding sequences (Extended Data Fig. 8) and is strongly enriched in Beer and French dairy isolates (two-sided Fisher’s exact tests with FDR correction, P = 7.06 × 10−30 and 7.45 × 10−18), underlining a possible positive selection in these specific environments.
Effect size estimates show that indel-QTL have the largest average effect (6.0 × 10−2), followed by SNP-QTL (3.9 × 10−2) and SV-QTL (3.4 × 10−2) (Supplementary Fig. 8). Indels exhibit significantly stronger effects than SNPs (1.5×, two-sided Mann–Whitney–Wilcoxon test, P = 3.4 × 10−12) and SVs (1.8×, two-sided Mann–Whitney–Wilcoxon test, P = 3.9 × 10−17), despite their lower pleiotropy. For molecular traits, QTL were classified as local or distant relative to the affected gene (Extended Data Fig. 9). We identified 2,131 local and 5,208 distant associations. Local QTL exhibit significantly higher effect sizes than distant QTL (6.2 × 10−2 versus 3.0 × 10−2; two-sided Mann–Whitney–Wilcoxon test, P = 3.4 × 10−12; Extended Data Fig. 10a), a pattern that holds across all variant types (Extended Data Fig. 10b). Notably, indels are strongly enriched for local associations, with 54.5% of indel-QTL classified as local, compared to 28.8% for SNPs and 26.2% for SVs (Extended Data Fig. 10c; two-sided Fisher’s exact tests with FDR correction, P < 10−18). This higher proportion of local QTL among indels likely contributes to their overall greater effect size relative to SNPs and SVs.
Distinct phenotypic effects of SV types
The precise characterization of SVs has enabled further investigation into the phenotypic effects of the different types of SVs. We identified 615 CNV-QTL, 192 deletion-QTL, 54 insertion-QTL and 2 translocation-QTL. Of the three common inversions present in our dataset, none was associated with a phenotypic variation. The limited number of associated translocations prevents any comparison of their phenotypic effect with other types of SVs. Associated SVs constitute 20.9% of the total deletions, 19.2% of CNVs and 13.5% of insertions. This finding indicates an enrichment of QTL in deletions and CNVs in comparison to insertions (two-sided Fisher’s exact test, P = 9.4 × 10−3 and 0.026, respectively). Deletion-QTL exhibit an average effect size of 4.1 × 10−2, which is 1.2-fold that of CNV-QTL (3.3 × 10−2; two-sided Mann–Whitney–Wilcoxon test, P = 3.5 × 10−4) and 2.2-fold that of insertion-QTL (1.9 × 10−2; two-sided Mann–Whitney–Wilcoxon test, P = 3.3 × 10−9) (Supplementary Fig. 9). In addition, associated deletions have a local effect in 25.0% of the cases, which is analogous to the 25.4% of local associations for CNVs but lower than the 47.7% of local associations for insertions (two-sided Fisher’s exact test, P value = 9.4 × 10−4). Overall, these results reveal the limited phenotypic effect of insertions in comparisons to other SVs, as evidenced by a reduced fraction of QTL and a diminished effect size. Insertions appear to be constrained to their local effect and are less frequently acting in trans.
We further aimed to assess the difference in phenotypic effect of SVs related or non-related to TE sequences. Among common SVs, 13.1% of the TE-related SVs were found to be associated with the variation of at least one trait, which is similar to the 13.6% of non-TE-related associated SVs (two-sided Fisher’s exact test, P value = 0.91). Unlike SV-QTL, TE-related SV-QTL are never located within subtelomeric regions, which is expected given the scarcity of TEs in these regions (95.6% of all TE-related SVs are located outside subtelomeric regions). QTL involving TE and non-TE-related SVs exhibit an average effect size of 2.41 × 10−2 and 2.43 × 10−2, respectively, which represents minimal variation (two-sided Mann–Whitney–Wilcoxon test, P value = 0.026). Overall, TE-related SVs exhibit a similar phenotypic effect than other SVs.
Complexity differs across trait types
A key strength of this dataset is the inclusion of both molecular and organismal phenotypes within the same population, allowing direct comparison of their genetic architectures. We identified 4,444 QTL for molecular traits and 168 for organismal traits, averaging 0.9 and 1.7 QTL per trait, respectively (Fig. 5a). This suggests that organismal traits are probably genetically more complex, involving a larger number of contributing loci (two-sided Mann–Whitney–Wilcoxon test, P = 1.3 × 10−8). By contrast, QTL for molecular traits showed significantly higher effect sizes on average (3.9 × 10−2 versus 2.7 × 10−2; two-sided Mann–Whitney-Wilcoxon test, P = 8.1 × 10−12) (Fig. 5b).
Fig. 5: Different genetic architectures of molecular and organismal traits.

a, Distribution of the number of QTL identified per trait. The dashed lines represent the average number of QTL associated per trait. The type of trait (growth or molecular) is colour-coded. b, Effect size of QTL associated with variation of molecular and growth traits. The P value was computed using a two-sided Mann–Whitney–Wilcoxon test (****P = 8.1 × 10−12). The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the IQR. n denotes the number of associations. c, Proportion of the different types of variants found within all variants, molecular and growth QTL. d, Graphical representation of the Minigraph pangenome. The path of the linear reference genome is indicated in orange. Segments are coloured according to their nucleotide sequence identity with the reference genome to highlight non-reference sequences.
The type of associated variants also differs. SV-QTL make up 18.6% and 41.1% of the total QTL for molecular and organismal traits, respectively, both enriched relative to the 7.4% frequency of SVs among common variants (two-sided Fisher’s exact test, P = 2.4 × 10−118 and 2.6 × 10−33). However, the enrichment is stronger for organismal traits (5.6-fold) than for molecular traits (2.5-fold), suggesting that SVs have a more prominent role in shaping complex organismal phenotypes (Fig. 5c and Supplementary Fig. 10).
These findings highlight distinct genetic architectures: organismal traits tend to involve more, weaker-effect variants that are likely to be spread across regulatory layers, whereas molecular traits are influenced by fewer but stronger-effect variants. The pronounced enrichment of SV-QTL in organismal traits supports the idea that large variants may have more persistent phenotypic effects across multiple regulatory layers.
Diversity with a graph pangenome
To facilitate SV genotyping in other S. cerevisiae collections and capture the full spectrum of structural diversity, we constructed a reference graph pangenome using 500 haplotypes, including the linear reference genome. All 6,587 SVs in our catalogue were represented by at least one haplotype. A first graph, built from whole-genome alignments using Minigraph58, included only SVs and reached a length of 48.6 Mb, 4 times the size of the linear reference (Fig. 5d and Supplementary Table 13). This expansion is mainly due to sequence redundancy, with 88% of bases aligning back to the reference (Supplementary Note 4), and the over-representation of Ty elements, which make up 52.2% of the graph length compared to 1.6% of the average genome (Supplementary Table 14). After removing redundancy, the sequence content reached 11.9 Mb, with 2.5 Mb (21%) absent from the linear reference, matching estimates from the gene-based pangenome. A subset of these non-reference regions (267 kb) is likely to correspond to introgressions from other Saccharomyces species.
We then constructed a more detailed graph using Minigraph-Cactus59, integrating both small variants and SVs for comprehensive genotyping. This graph spans 57.7 Mb and encodes variation in 2,081,695 snarls, subgraphs representing alternative alleles, genotyped across 2,874 isolates45. Of these, 4,400 snarls represent SVs larger than 50 bp, and 13.2% are multiallelic. Multiallelic snarls are more prevalent in subtelomeric regions (two-sided Fisher’s exact test, odds ratio = 3.1, P < 2.2 × 10−16) and are enriched in SVs (two-sided Fisher’s exact test, odds ratio = 13.6, P < 2.2 × 10−16). The graph captures 97.5% of low-frequency and 98.8% of common SNPs (Supplementary Table 15), and improves genotyping accuracy compared to a linear reference. Notably, it yields a 10% average increase in heritability estimates across 8,153 traits (Supplementary Note 4).
Together, these results highlight the power of a graph-based approach to capture a broad spectrum of genetic variation in S. cerevisiae, enabling accurate genotyping of both small and SVs at scale. This reference graph pangenome serves as a robust resource for future studies of population genomics, trait mapping and SV-driven adaptation across diverse yeast lineages. However, it is important to note the limitations of current graph-building algorithms in providing a truly exhaustive representation of genomic variants within a population. Particularly, a construction based on the alignments of homologous chromosomes prevents the detection of reciprocal translocations. This underscores the relevance of an assembly-based pangenome approach.
Discussion
The development of high-quality, long-read sequencing and telomere-to-telomere (T2T) assemblies has transformed the analysis of genome variation in eukaryotes. Genomics is undergoing a major paradigm shift, with pangenomes and graph-based models now at the forefront of population-scale analyses14,17,46,60,61,62,63. These frameworks enable high-resolution detection of gene content diversity and SVs, offering transformative insights into genomic variation5,9,10,50,64,65,66.
Constructing truly representative variant catalogues demands not only comprehensive variant detection, but also genome sampling that captures the full breadth of population diversity. Many current eukaryotic datasets remain undersampled and fall short of achieving saturation. This Article presents an extensive exploration of sequence and structural variation across an entire eukaryotic species, leveraging high-quality, near telomere-to-telomere assemblies from 1,086 diverse natural isolates of S. cerevisiae. This exhaustive dataset captures the full spectrum of genetic diversity, ranging from SNPs and indels to complex SVs, and reveals how distinct types of genetic variants contribute to phenotypic variation at both molecular and organismal levels.
Compared with previous preliminary studies in yeast7,67,68, our high-contiguity, population-wide assemblies enabled the construction of a comprehensive species-wide map of SVs, revealing widespread structural heterogeneity across populations. This improved resolution allowed accurate estimation of SV allele frequencies, identification of numerous SV hotspots and detection of lineage-specific SVs, including causal variants linked to adaptive traits. These results refine and extend previous work, highlighting the importance of broad sampling for uncovering the evolutionary and functional effects of SVs in any eukaryotic population, such as humans.
Leveraging this variant catalogue, we also dissected the genetic basis of a large number of traits, 8,391 molecular (transcript and protein abundances) and organismal traits (growth traits)19,20,21,22. SVs were more frequently associated with traits and exhibited greater pleiotropy than SNPs and indels, often underlying QTL hotspots, particularly for complex organismal traits. Our results highlight the distinct phenotypic effects of different variant types and underscore the importance of an exhaustive SV atlas for fully resolving trait architecture.
Our findings reinforce a broader principle in genomics: SVs often harbour causal genetic variation and contribute disproportionately to complex traits, especially at QTL hotspots and in pleiotropic contexts. This observation supports the notion that SVs are a major source of missing heritability8,56. Therefore, genome-wide approaches integrating comprehensive SVs and gene content variation are not only warranted but are also essential to fully resolve genotype–phenotype relationships across species. The framework demonstrated here in S. cerevisiae, combining population-wide telomere-to-telomere assemblies, graph-based genotyping and unified multilayer phenotyping, provides a framework for unpacking trait architecture across eukaryotic genomes.
Methods
Strain culture and DNA extraction
We used a collection of S. cerevisiae isolates that were previously sequenced using short-read sequencing19. For each isolate, we obtained single colonies from frozen stock on solid YPD (1% yeast extract, 2% peptone, and 2% glucose) and cultured one colony per strain in 25 ml of liquid YPD at 30 °C under shaking (120 rpm). After the culture reached saturation (approximately 1.5 days), the nuclear DNA was extracted from the cells using either a previously described protocol69 or a Monarch HMW DNA Extraction Kit (New England Biolabs). The cells from the saturated culture were treated for 2 h with zymolyase (1,000 U ml−1) in 1 M sorbitol to produce spheroplasts. The spheroplasts were then processed with the Monarch HMW DNA Extraction Kit. Samples with a DNA concentration higher than 30 ng µl−1 were retained for DNA sequencing.
Sequencing data
Long reads sequencing data were obtained using Oxford Nanopore sequencing technology. The library was prepared according to the following protocol, using the Oxford Nanopore SQK-LSK109 and SQK-LSK114 kits. Genomic DNA fragments were repaired and 3′-adenylated with the NEBNext FFPE DNA Repair Mix and the NEBNext Ultra II End Repair/dA-Tailing Module (New England Biolabs). Sequencing adapters provided by Oxford Nanopore Technologies (Oxford Nanopore Technologies) were then ligated using the NEBNext Quick Ligation Module (NEB). After purification with AMPure XP beads (Beckmann Coulter), the library was mixed with the sequencing buffer (ONT) and the loading bead (ONT) and loaded on PromethION R9.4.1 and R10.4.1 flowcells. Basecalling was performed with guppy 5.0.16 (https://nanoporetech.com). To confirm the correspondence of novel long-read sequences with previously generated short-read sequences, we compared SNPs inferred from both types of data. Long and short reads were mapped independently on the reference genome using minimap2 v.2.24 (ref. 70) and bwa-mem2 v.2.2.1 (ref. 71), respectively, and SNPs were inferred with longshot v.0.4.5 (ref. 72) and gatk v.4.5.0.0 (ref. 73). The reference genome version R64-3-1 was downloaded as a fasta file from the Saccharomyces genome database74 website (https://www.yeastgenome.org). We computed the pairwise distance between all samples based on short reads and long reads SNPs using plink v.1.9 (ref. 75). Cases with unclear correspondence between short and long reads were discarded.
Reads phasing
Sequencing data from non-polyploid heterozygous samples with coverage higher than 20x were phased to obtain one read set for each haplotype. Long reads were mapped on the reference genome using minimap2 v.2.24 (ref. 70) with the option -ax map-ont. SNPs were called with longshot v.0.4.5 (ref. 72) --no_haps --min_cov 7 --min_alt_count 7 --min_alt_frac 0.2. Regions of loss of heterozygosity, defined as 50-kb windows containing fewer than 10 SNPs, were detected and removed from the phasing process. SNPs were phased using whatshap phase v.1.4 (ref. 76), and each sequencing read was tagged HP1, HP2 or unassigned. Unassigned reads were downsampled at 50% coverage with filtlong v.0.2.1 (https://github.com/rrwick/Filtlong) --min_length 1000 --length_weight 10 --keep_percent 50 --min_mean_q 9 to maintain similar coverage to the phased reads. Read set for each haplotype was finally obtained by combining phased reads and unassigned reads.
Genome assembly
The genome assembly pipeline (Supplementary Fig. 2) was run with raw sequencing data of 1,027 samples with more than 10x sequencing coverage, in addition to phased sequencing data for 433 non-polyploid heterozygous samples. Sequencing data were systematically downsampled to 30x using filtlong --min_length 1000 --length_weight 10 --target_bases 360000000 --min_mean_q 9 and additionally to 40x when raw coverage was higher than 40x with --target_bases 480000000. Raw and downsampled sequencing reads were assembled with 3 genome assemblers: (1) Necat v.0.0.1_update20200803 (ref. 77); (2) Flye v.2.9 (ref. 78); and (3) SMARTdenovo -c 1 (ref. 79) using reads cleaned with Necat. Redundancy within each genome assembly was removed by discarding contigs covered on more than 95% by other contigs of the draft assembly. Nuclear contigs were then selected by sequence similarity with a database of S. cerevisiae nuclear chromosomes built from 142 genome assemblies7, discarding chromosomes containing mitochondrial insertions. For each sample and each phased haplotype, the best genome assembly was selected with seven criteria chosen to favour completeness and contiguity: (1) each genome assembly must cover the reference genome over 95% of its length; (2) cover at least 80% of each reference chromosome (except for chromosome 1 for which the threshold was lowered to 75% because of a more variable size); (3) does not cover more than 50% of the mitochondrial genome; (4) does not contains fused chromosomes, identified as contigs containing multiple centromeres; (5) favours the lowest number of contigs required to cover 95% of the reference genome; (6) favours the lowest number of contigs; and finally (7) favours the largest total length. The second-best genome assembly, obtained with a different assembler, was also kept for further utilization in the SV detection pipeline. Genome assemblies were then polished with both long reads using medaka consensus -m r941_prom_sup_g507 1.8.0 (https://github.com/nanoporetech/medaka) and Illumina short reads using HapoG 1.3.3 (ref. 80). For phased haplotypes, contigs of each haplotype were concatenated to perform the short reads polishing. Finally, scaffolding against the reference genome was performed using ragout --solid-scaffolds 2.3.1 (ref. 81). For cases for which the scaffolding generated fused chromosomes, the non-scaffolded genome assembly was retained. Assembly contigs were named and ordered according to their sequence similarity to reference chromosomes. For strain XTRA_FHL, whose sequencing data was contaminated by a Kluveromyces marxianus isolate, K. marxianus contigs were manually removed.
Quality assessment and genome annotation
Correctness of genome assemblies was evaluated with Merqury82, and completeness was assessed with miniBusco37. Gene prediction and detection of TEs, centromeres and subtelomeric elements were performed through the LRSDAY pipeline v.1.7.0 (ref. 83). Telomeric sequences were identified across all assemblies using Telofinder7.
SV detection
SVs were detected by individually comparing the generated assemblies with the reference genome (SGD R64 genome assembly of strain S288c, GenBank ID: GCA_000146045.2) using MUM&Co v.3.8 (ref. 84) with the -g 12000000 option. SV calling was run on 1,482 genome assemblies from 1,086 isolates (including 396 isolates with phased genome assemblies). The pipeline uses whole-genome alignments obtained via the MUMmer4 software85 to detect insertions, deletions, duplications, contractions, inversions, and reciprocal translocations exhibiting a size larger than 50 bp. To be validated, SVs had to be detected in at least two independent assemblies. To avoid removing singleton SVs—that is, those present in a single haplotype—we considered an additional set of 1,329 ‘second-best assemblies’ for 959 isolates of our collection, obtained from an alternative assembler and that met the completeness quality threshold defined. A total of 2,811 single sample VCF files were obtained and merged into a single multisample VCF file. First, insertions, deletions, duplications, contractions, and inversions were merged using Jasmine v.1.1.5 (ref. 86), which is based on an SV proximity graph that consider SV breakpoint position and length. Given that Jasmine’s algorithm does not consider two breakpoints for a single SV, a custom merging strategy was developed for translocations, as these involve two distinct breakpoints in the genome. This strategy is based on the construction of a translocation graph, linking pairs of translocations with both breakpoints within a 10 kb region. Each connected component of this graph was treated as a single SV and appended to the Jasmine’s output.
To minimize false positives, we retained only SVs detected in at least two genome assemblies, coming from different isolates, haplotypes, or genome assemblers. We then discarded the second-best assemblies from the VCF file. Finally, phased haplotypes from the same isolate were merged into phased heterozygous genotypes, resulting in the final SV VCF file containing 1,086 samples. For further analyses, we classified insertions and deletions as presence–absence variants (PAVs), and duplications and contractions as CNVs, to avoid reference-biased terminology. Therefore, PAVs and indels are only distinguished by their sizes—higher or lower than 50 bp, respectively.
Detection of Ty-related SVs
The sequence of PAVs, CNVs and inversions were aligned to a Ty retrotransposon database using blast v.2.12.0 (ref. 87) with the -dust no -perc_identity 95 options. The database was constructed from the sequences of the 48 Ty elements present in the reference genome in addition to the 4 solo LTRs sequences. SVs with more than 50% of their length covered were defined as Ty-related SVs.
Structural diversity
To quantify structural diversity, we adapted the classical formula for pairwise nucleotide diversity88 to account for SVs. We defined the structural diversity \({\pi }_{{\rm{SV}}}\) as the average number of structural differences per site between two sequences within a population:
$${\pi }_{{\rm{SV}}}=\frac{n}{n\,+\,1}\sum _{ij}{x}_{i}{x}_{j}{\pi }_{ij}=\frac{n}{n\,+\,1}\mathop{\sum }\limits_{i=2}^{n}\mathop{\sum }\limits_{j=1}^{i-1}2{x}_{i}{x}_{j}{\pi }_{ij}$$
where \({x}_{i}\) and \({x}_{j}\) are the frequencies of haplotypes \(i\) and \(j\), \({\pi }_{{ij}}\) is the number of SV differences between the haplotypes i and j and \(n\) is the total number of haplotypes. Each SV, including PAVs, CNVs, inversions and translocations, was treated as a discrete event, regardless of its size. An SV was considered present in a window if it overlapped the window by at least 1 bp for PAVs, CNVs, and inversions, or if a translocation breakpoint fell within the window.
We computed \({\pi }_{{\rm{SV}}}\) for each type of SV individually on 10-kb sliding windows (1 kb step). Outlier regions were defined as regions with \({\pi }_{{\rm{SV}}}\) greater than the third quartile plus 5 times the IQR for PAVs and translocations, plus 10 times the IQR for inversions, and plus 20 times the IQR for CNVs, to account for baseline variability. To detect regions associated with specific clades, we tested for the over-representation of SVs located in the region of interest in each clade using a two-sided fisher’s exact test with FDR correction.
SNP and indels detection
SNPs and indels were detected for the 1,086 isolates based on the alignment of paired-end Illumina reads7,19,36 to the reference genome. The reads were mapped to the reference genome using bwa-mem2 mem v.2.2.1 (ref. 71) with default parameters and samtools sort v.1.15.1 (ref. 89). The HaplotypeCaller command from gatk v.4.2.3.0 (ref. 73) was used with option --emit-ref-confidence GVCF to generate single sample GVCF files. These files were then gathered into a single multisample vcf file using commands GenomicsDBImport and GenotypeGVCFs --include-non-variant-sites, following gatk’s germline short variant discovery workflow (https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels). Low-quality genotypes (DP < 10 and GQ < 20) were set to missing using bcftools v.1.18.1 (ref. 89) with the +set-gt command. Sites with fewer than 99% informed genotypes and sites exhibiting excess of heterozygosity (ExcHet > 0.99) were removed. Finally, SNPs and indels were separated into two vcf files using bcftools, and complex loci spanning both SNPs and indels were discarded.
Neighbour-joining trees
Neighbour-joining trees were constructed independently from SNPs and SV matrices (1,474,884 and 6,587 markers, respectively, for 1,086 isolates) using the R packages ape90 and SNPRelate91.
Site frequency spectrum
Annotations of SNPs and indels were obtained using SnpEff v.5.1 (ref. 92) with the -no-downstream -no-upstream options.
Comparison of the number of SVs and SNPs per isolate
We used a simple linear regression to model the relationship between the number of SNPs and SVs in each isolate. We further used the R package chisq.posthoc.test93 to test for clades and super clades that deviated from the linear relationship between the number of SNPs and SVs. The chisq.posthoc.test function was used with a matrix containing the mean number of SNPs and SVs for each clade, with the method = ‘bonferroni’ option.
Gene-based pangenome
The gene-based pangenome was built on the de novo annotated coding sequence (CDS) of genomes with a Merqury quality value (QV) superior to 40, as a lower QV is associated with an increased number of singleton gene families (present in a single isolate), potentially being false positive CDS (Supplementary Fig. 11a). After the Merqury QV filtering, we considered 762 genomes corresponding to 651 isolates (Supplementary Fig. 12) for the construction of the gene-based pangenome (Supplementary Fig. 13).
First, we transferred the annotation of the reference CDS on the CDS identified de novo in the assemblies with a nucleotide sequence similarity search, using blastn v.2.12.0 (ref. 87) with options -dust no -prec_identity 95 -strand plus. The reference annotations version R64-4-1 were downloaded from the Saccharomyces genome database74 website (https://www.yeastgenome.org) in gff3 format. For each pair of de novo and reference CDS, the annotation was transferred when one of these cases was true: (1) the de novo CDS is covered by the reference CDS on more than 90% of its length; (2) the reference CDS is covered by the de novo one on more than 50% of its length; (3) the reference CDS is covered by the de novo one on more than 30% of its length and both start and end of the reference CDS are covered (that is, the alignment spans the first and last 10 bp of the CDS). De novo CDS covering less than 80% of the reference sequence have been annotated as truncated. Additionally, de novo CDS were annotated as Truncated when their reference homologue was covered on less than 80% of their length and alignment did not cover the start and end of the CDS. However, this additional information is purely informative and was not considered for the pangenome construction. We then filtered out all the genes with a length inferior to 100 bp.
Second, we identified gene families with a graph-based strategy. We ran a nucleotide sequences similarity search on the 6,673 reference CDS (larger than 100 bp) and 77,322 de novo CDS for which no annotation was transferred in the previous step, using blastn with the same options mentioned before. A graph was then built using CDS as nodes and sequence homology as edges, using the python package NetworkX94. Homology was considered when an alignment between two CDS covered both at 50% of their length or either at 90%, or when a reference annotation was transferred. Connected components with a density lower than 0.4 were further split into Louvain’s communities, and each component or community was then considered as a gene family. For each gene family, a representative sequence was chosen as the reference CDS with the highest degree in the family, or the de novo CDS with the highest degree when no reference CDS was present. Finally, CDS with less than 100 bp of unique sequence in the pangenome (that is, fragments of sequences strictly identical between multiple CDS) were iteratively removed. Identical matches within the pangenome were identified using blastn with options -dust no -strand plus -wordsize 100 -penalty -10000 -ungapped.
Third, to estimate gene presence/absence within the 1,086 isolates, we used a sequencing depth-based approach. Illumina reads were mapped to the representative CDS of each gene family using bwa-mem2 mem v.2.2.1 (ref. 71) with options -U 0 -L 0,0 -O 4,4 -T 20, which remove penalty for unpaired reads, reduce penalty for reads clipping and gap opening and lower the minimum score required. These relaxed parameters were chosen to prevent mapping issues due to diversity within gene families. Read depth over each CDS was calculated using samtools depth v.1.16.1 (ref. 89) with option -aa. For each CDS in each isolate, a normalized depth was computed as the ratio of the median depth of the CDS (discarding non-unique fragment identified in the previous step) over the median depth of all sequences. Because a given normalized depth could have different meaning according to the ploidy of the isolate, we adjusted the normalized depth with the ploidy and a correcting factor x:
$${\rm{Gene}}\;{\rm{presence}}\propto {{\rm{Normalized\; depth}}\times {\rm{p}}{\rm{l}}{\rm{o}}{\rm{i}}{\rm{d}}{\rm{y}}}^{x}$$
To identify the optimal value of x, we built a gold standard gene presence/absence matrix considering 553 isolates and 5,792 genes for which both de novo annotated genome assemblies and transcriptomic data20 were available. A gene was considered present in an isolate when it was: (1) annotated in the genome assembly; and (2) expressed at ≥2 transcripts per million (TPM) in the corresponding RNA-seq data. A gene was considered absent when it was: (1) not annotated; and (2) had expression <2 TPM. All other cases were excluded to avoid ambiguity. This gold standard was solely used to evaluate the accuracy of gene presence/absence calls from sequencing depth, by generating a precision-recall curve for various values of x (Supplementary Fig. 11b). The optimal performance (highest area under the precision-recall curve; Supplementary Fig. 11c) was achieved with x = 0.15. We further computed the precision and recall values using different thresholds (Supplementary Fig. 11d) and chose a threshold of 0.3 as the recall declined sharply beyond this point. Using this threshold, we estimated the presence of all the gene families of the pangenome across the 1,086 isolates.
Importantly, expression data was used solely to calibrate the sequencing depth-based model, and was not used to call gene presence or absence in any genome. Final gene presence/absence calls were made entirely from DNA sequence data using mapped short-read depth.
Pangenome annotation
We sought to annotate the origin and function of novel genes with protein sequences similarity search against a curated database. We built a blast database by coupling the RefSeq protein database with a custom database containing Fungi protein sequences from Shen et al.95 and S. paradoxus protein sequences from Yue et al.96. The sequence similarity search was run using blastp87 with default parameters, and the obtained results were further filtered with a minimum protein identity of 30% and a minimum query coverage of 50%. We categorized the origin of each novel gene as: (1) fast-evolving gene when the best hit was a S. cerevisiae protein; (2) introgression when the best hit was a Saccharomyces protein other than S. cerevisiae; (3) HGT when the protein came out of the Saccharomyces genus; and (4) unknown when no sequence similarity was found. We also transferred the gene ontology (GO) terms associated with the best protein hit in RefSeq to each novel gene (using the same identity and coverage filters as above) and inferred the GO terms of the whole pangenome based on sequence using InterProScan v.4.65-97.0 (ref. 97).
Transcriptomics
Reads were mapped on the CDS of the pangenome using STAR v.2.7.9.a98 with default parameters. Number of reads mapped to each gene family was retrieved using samtools idxstats v.1.16.1 (ref. 89) and TPM were computed with a custom python script.
Rarefaction curves
For both SVs and gene families, rarefactions curves were obtained using the R package iNEXT v.3.0.0 (ref. 99). The iNEXT function was used with a presence–absence matrix of SVs or genes and the options datatype = ‘incidence_raw’ and k = 400. We interpreted the species richness as the total number of SV or gene families in the species and the sample coverage estimate as the species coverage. For the core genome, we first used a matrix of missing genes (filled with 1 when the gene was absent and 0 when the gene was present) as input of the iNEXT function, with the same parameters as before. We then subtracted the rarefaction obtained from the missing genes to the species estimate of the pangenome (8,583 genes), to obtain the rarefaction of the core genome. Finally, we obtained the rarefaction of the accessory genome by subtracting the core genome rarefaction to the pangenome rarefaction.
Clade-specific variants
Clade-specific SVs and genes were obtained using a simple-over-representation analysis based on hypergeometric tests. We used the fora function from the fgsea R package v.1.27.0 (ref. 100) using the list of clades and super clades as ‘pathways’, the isolates having the SV or gene as ‘gene’ and the total list of isolates as ‘universe’. The function was run for each SV or gene present in at least two isolates, except SV or genes present in all isolates. Results were further concatenated, and P value were adjusted using the FDR method.
GO analysis
We used the GO annotations of the reference genes available from SGD (https://current.geneontology.org/annotations/sgd.gaf.gz), in addition to the transferred GO terms for the novel genes (see ‘Pangenome annotation’) and the GO terms inferred with InterProScan97 for the entire pangenome. We discarded terms with a size larger than 500, as well as terms with a size smaller than 2 (except for terms with a reliable evidence code—that is, inferred from mutant phenotype (IMP), inferred from direct assay (IDA) and inferred from genetic interaction (IGI)). For some analyses, we performed a GO term semantic similarity reduction using the calculateSimMatrix and reduceSimMatrix(threshold = 0.7) functions of the rrvgo R package v.1.10.0 (ref. 101). GO term enrichments were performed using the fora function from the fgsea v.1.27.0 R package100. Clade-specific GO terms were detected similarly to clade-specific genes.
Construction of an exhaustive genotype matrix
To build the most comprehensive genotype matrix possible, we combined SNPs and indels with SVs called from both genome assembly comparisons and gene-based pangenome construction. We transformed the normalized depth computed for each CDS–isolate pair (see ‘Gene-based pangenome’) into biallelic variants by setting multiple depth thresholds (starting from 0.25 and increasing by steps of 0.5, as we would expect for a diploid isolate). We discriminated isolates having a normalized depth below or above each threshold for each CDS. In that way, we capture both the presence–absence of each CDS in the population, in addition to the variation in copy number. The complete loss of a gene was considered as deletion.
Although combining multiple strategies for SV calling ensures the comprehensiveness of our variant catalogue, it results in redundancy from the segmental SV detections (that is, assembly comparisons) and the gene-based CNV and deletion detection. For example, a deletion spanning three consecutive genes would result in one segmental deletion and the deletion of each individual gene. The four SV records would exhibit high linkage disequilibrium as they all correspond to a single event. Additionally, aneuploidies are captured by CNVs of all genes present on the aneuploid chromosome. Although it corresponds to a single event, it results in many gene–CNV records, that exhibit high linkage disequilibrium with each other. This redundancy can be easily removed with linkage pruning to prevent duplicated genetic associations in further analyses.
Heritability estimates
Heritability estimates were computed for complex traits, defined as traits having no association with a P value lower than 1 × 10−20 by GWAS, as high effect predictors may bias the estimations. LDAK v.4.2 (ref. 102) was used for the computation. Phenotypes were normalized using a rank-based inverse normal transformation. Plink matrices of SNPs, indels and SVs were first used to generate independent kinship matrices using the LDAK thin model. Weights for each variant were first computed using LDAK with arguments --thin --window-prune .98 --window-kb 20, and kinship were generated using arguments --calc-kins-direct --weights --power -.25. Trait heritability was then estimated using all three kinship matrices together (--mgrm option), using ploidy as covariate and the option --constrain YES to ensure positive values of heritability.
GWAS
We ran GWAS using a linear mixed model implemented in FaST-LMM v.0.4.6 (ref. 57). Phenotypes were normalized in the same way as for heritability estimates. SNPs, indels and SVs were filtered for MAF at 5%. This MAF filtering retained 89,906 SNPs (6.4% of all SNPs), 2,415 indels (4.3%) and 7,708 SVs (10.7%). These allele frequency differences were not accounted for. Genotypes were pruned for linkage disequilibrium using plink v.1.9 (ref. 75) with option --indep-pairwise 50 kb 1 0.8, yielding 54,544 SNPs, 2,203 indels and 4,540 SVs. Variants were further combined in a single plink matrix, which was used as both kinship and test set for GWAS. To preclude the effect of ploidy and aneuploidies on the genetic associations, both were added as covariates. Ploidy was encoded as a numerical covariate and aneuploidies were encoded for each chromosome as −1, 0 or 1, representing loss, expected copy number or gain, respectively. To correct for the large number of variants tested, a trait-specific P value threshold was defined using a permutation test with 100 permutations and alpha = 0.05. In brief, for each trait, associations were run 100 times on permutated phenotypes retaining the lowest P value for each run. The P value threshold corresponds to the 5% quantile (that is, the fifth-lowest P value across permutations), corresponding to an FDR correction of 5%.
Local variants were defined as located in a 25-kb region around the gene of interest or linked to a pruned variant located in this region. For translocations, both breakpoints were considered for the definition of local variants. To further account for linkage disequilibrium between associated variants, groups of linkage were identified, defined as connected components of variants associated with a same trait and in linkage disequilibrium (based on a 0.5 r2 threshold and a maximal physical distance of 50 kb). For each group, only the variant with the lowest P value was retained, leading to the final number of 4,564 QTL.
Graph construction and novel sequence detection
We build a graph pangenome using the Minigraph-Cactus pipeline v.2.6.4 (ref. 59) with 500 haplotypes, including the reference genome and 499 genomes selected to represent a maximum number of SVs. We used the first graph generated by Minigraph58, that uniquely contains SVs, in order to identify repetitive reference segments in the graph and novel sequences. Only segments larger than 100 bp were considered for these analyses. The segments were mapped to the reference genome using minimap2 -ax asm5 v.2.24 (ref. 70) and the coverage depth along the genome was retrieved using samtools depth v.1.16.1 (ref. 89). To determine the fraction of the graph corresponding to TEs, the segments were aligned on a Ty sequence database constructed from the previous analyses of 1,011 genomes103, using blastn v.2.12.0 (ref. 87), with option -perc_identity 70. The same alignment was performed on each of the genome assemblies used for the graph pangenome construction. Additionally, we sought for sequence redundancy in the graph using blastn -perc_identity 95 and applied a 50% coverage threshold. We built a sequence similarity graph and selected a single representative segment for each connected component. Components containing no reference segments were considered as novel sequences. Novel segments were considered as introgression when they show sequence similarity higher than 95% on a database composed of Saccharomyces genomes (GCF_000292725.1, GCF_001298625.1, GCF_002079055.1, GCF_947241705.1, GCF_947243775.1, GCA_002079085.1, GCA_002079115.1, GCA_002079145.1, GCA_002079175.1) using blastn -perc_identity 95.
Variant calling using the graph
The pangenome graph (gfa format) was converted to gbz using the vg toolkit v.1.54.0 (ref. 104) with the vg autoindex command, and snarls were detected using vg snarls. Illumina reads of 3,039 isolates with publicly available sequencing data were mapped on the graph using vg giraffe105 with options --fragment-mean 350 --fragment-stdev 100 -b fast. Gam files were converted using vg pack with option -Q 5 to remove reads with low mapping quality. We performed variant calling using vg call106 with options --genotype-snarls --all-snarls --snarls --ref-sample S288c to obtain single sample vcf files. Calling from the graph pangenome worked for 2,874 out of 3,039 isolates, the remaining ones being discarded because of an aberrantly long computing time. Single sample vcf files were merged into a single multisample vcf using bcftools merge v.1.16.1 (ref. 89). Variants supported by less than two reads were set to missing using bcftools +setGT -- -t q -n. -e ‘FMT/DP > = 2’. The resulting vcf was further trimmed for non-present alternate alleles with bcftools view --trim-alt-alleles and variants were atomized into multiple ones with bcftools norm --atomize --atom-overlap “.” --multiallelics +any. The difference of length between alternative and reference alleles were used to classify alleles as SNPs, indels of SVs. SNPs show no length difference, indels have length differences inferior to 50 bp and SVs show length differences larger or equal to 50 bp.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Sequencing reads associated with this work are available at the European Nucleotide Archive under the accessions PRJEB77686 and PRJEB81147. Genomes and annotations, gene-based pangenome, graph-based pangenomes, SV matrix and phenotypes generated are available on Zenodo (https://doi.org/10.5281/zenodo.15698884 (ref. 107)).
Code availability
Scripts used for this work are available on Zenodo (https://doi.org/10.5281/zenodo.15698884 (ref. 107)) and on GitHub (https://github.com/HaploTeam/1086YeastGenomes).
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Extended data figures and tables
Extended Data Fig. 1 Statistics for 1,482 genome assemblies.
Each statistic is given according to the zygosity of the isolate and the phasing status of the assembly (homozygous isolates (n = 559), haplotype-resolved assemblies of heterozygous isolates (n = 792) and collapsed assemblies of heterozygous isolates (n = 131)). a. Distribution of the number of contigs per assembly. The red line corresponds to the number of chromosomes in the reference genome. b. Distribution of the total assembly length. The red line corresponds the reference genome length. c. Distribution of the Merqury quality value, which correspond to a Phred quality score. d. Distribution of the BUSCO score per isolate.
Extended Data Fig. 2 Rarefaction curves for the species coverage per SV type.
Species coverage represent the fraction of species non-redundant SVs captured by a population.
Extended Data Fig. 3 SV site frequency spectra (SFS).
a. SFS per SV type. b. Flattened SFS for different types of SV and SNPs. Letters on the right discriminate groups between which a two-sided Fisher’s exact test with FDR correction is significant with P < 0.05. c. SFS for Ty and non-Ty-related SVs.
Extended Data Fig. 4 Heterozygosity in structural variation.
All figures in this panel are based on 396 heterozygous isolates for which phased assemblies were constructed. a. Number of SV per isolate, colored by zygosity. b. Distribution of the fraction of heterozygous SVs per isolate. c. Spearman correlation between the fraction of heterozygous SVs and the SNP heterozygosity per isolate, computed as the number of heterozygous loci over the total number of callable positions. d. Heterozygosity level (defined as the frequency at which an SV is found heterozygous) between SVs located in subtelomeric and non-subtelomeric regions. The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR). P value was calculated using two-sided Mann-Whitney-Wilcoxon test (**** indicates P < 2.2 × 10−16). e. Heterozygosity level per type of SV. The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR). Letters discriminate groups between which a two-sided Mann-Whitney-Wilcoxon test with FDR correction is significant with P < 0.05. f. Average heterozygosity level according to SVs length (1 kb bins). The upper and lower bounds indicate the mean plus or minus the standard deviation, respectively. Spearman correlation between the length and heterozygosity level of SVs was computed. g. SV length according to the type of SV. The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR). Letters discriminate groups between which a two-sided Mann-Whitney-Wilcoxon test with FDR correction is significant with P < 0.05. The bimodal distribution of PAVs length reflects the presence of SVs associated with Ty elements ( ~ 6 kb) and solo long terminal repeats (LTR, ~300 bp).
Extended Data Fig. 5 Proportion of the SV types in the clades SV signature.
The number of SVs on the right represent unique SV events overrepresented in each clade (i.e., clade SV signature). The “Total” group represents all the SVs involved in any clade signature. The number of isolates per group is indicated between brackets on the y axis. P values were computed using Pearson’s chi-squared tests with FDR correction in comparison to the Total group. P value significance is indicated with ** (P < 0.01), *** (P < 0.001) and **** (P < 0.0001).
Extended Data Fig. 6 Gene features depending on gene origin.
a. Distribution of gene location along chromosomes. b. Transcript level for genes per origin. Transcriptomes from 969 isolates were considered (Caudal et al. 20). Letters discriminate groups between which a two-sided Mann-Whitney-Wilcoxon test with FDR correction is significant with P < 0.05. The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR).
Extended Data Fig. 7 Heatmap of gene presence/absence in 1,086 Saccharomyces cerevisiae isolates.
Rows correspond to isolates, colored by ploidy, clade, and super clade, which regroup clades of analog ecological origins. Columns correspond to 3,365 non-private accessory genes, colored by origin (introgression, HGT, fast evolving, de novo, or gene present in the reference genome).
Extended Data Fig. 8 Deletion at the ALD2/ALD3 locus.
a. Schematic representation of the deletion carried by strain AAB, compared to the reference strain. Shaded regions indicate sequence identity higher than 95%. b. Frequency of the deletion detected in isolates from wine, beer, Asian fermentation, and wild ecological origins. P values were computed using two-sided Fisher’s exact tests with FDR correction between groups. **** indicates significance of the tests between Beer and any other group with P < 10−17
c. Projection of the isolates in which the deletion was detected on the neighbor joining tree of the 1,086 isolates constructed based on SNP markers. Colors represent the clades previously defined45. d. Schematic of the reconstruction of the ALD2/3 haplotype for isolates in which the deletion was detected. Each line corresponds to an isolate, and its clade is color coded according to c. Each column represents one discriminating site between ALD2 and ALD3 gene sequences (n = 125). Color indicates the correspondence with ALD2 or ALD3 gene sequence. The schematic representations below show the five reconstructed ALD2/3 haplotypes from the above heatmap.
Extended Data Fig. 9 Location of QTL along the genome.
Position of the QTL (x-axis) compared to the gene (y-axis) affected at transcript level (a) or protein abundance (b), according to the type of variant considered. Colors indicate if the QTL is considered as local or distant.
Extended Data Fig. 10 Effect size of QTL according to their distance from the affected gene (local or distant).
a. All types of variants were combined. b. Effect size per type of variant. P values were calculated using a two-sided Mann-Whitney-Wilcoxon test (**** indicates P < 3 × 10−9). The middle bar of the box plots corresponds to the median; the upper and lower bounds correspond to the third and first quartiles, respectively. The whiskers correspond to the upper and lower bounds 1.5 times the interquartile range (IQR). c. Proportion of local and distant association involving SNP-, InDel- and SV-QTL. Letters indicate significance of a two-sided Fisher’s exact test.
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Abstract
The discovery of Shimao city (around 2300–1800 bce1), a premier state-level Neolithic fortified settlement in Shaanxi, China2, played an important role in helping us understand the emergence of socially stratified urban societies. However, key questions remain regarding how ancestry and kinship shaped the hierarchy of this class-based society characterized by human sacrifice. The origin of the founding populations of Shimao and other Loess Plateau settlements, and their interactions within the broader ancestral landscape, have yet to be determined. Here we present, by sequencing 144 ancient genomes from Shimao city and its satellites, pedigrees among tomb owners spanning up to four generations. These findings reveal a predominantly patrilineal descent structure across Shimao communities, and possibly sex-specific sacrificial rituals. We also characterize the population history, revealing that Shimao culture-related populations originated mostly from a Yangshao culture-related population present at least 1,000 years earlier, and the lasting inflow of Yumin-related populations from Inner Mongolia did not interrupt regional genetic continuity. Broader genetic influence from southern mainland ancestry over Shimao culture-related populations supports evidence of rice farming expanding further north than previously expected. Together, these results uncover fine details of the regional peopling and social structure of early state establishment.
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Main
Shimao, bordering the northern Loess Plateau and Ordos desert, is among the largest prehistoric settlements discovered in China. The stone-walled site encompasses roughly 4 km2 and can be divided into outer and inner enclosures, showing features typical of state-level societies: craft production, large fortifications and high social stratification with abundant forms of human sacrifice2,3,4,5,6. With a strict hierarchical polity and unique culture of human sacrifice—more than 80 human skulls were found buried under its East Gate2—Shimao can serve as an excellent illustration of the roles of family and ancestry in the structuring of political and social relationships in early state-level human societies. Two cemeteries were found at Shimao: one attributed to the ruling class at the city centre, Huangchengtai, and another to the elite class southwards at Hanjiagedan within the inner enclosure. The East Gate (Dongmen) in the outer enclosure contains mass burial pits of sacrificed victims. The burials at Shimao culture cemeteries are organized into four to five categories, corresponding to classes from high to low status residents7, which together feature a strict hierarchy within Shimao society8,9. The layout shows signs of urban planning and clear social stratification. Previous efforts to explain the emergence of hierarchically organized societies in East Asia analysed a range of dispersed archaeological sites10,11,12, or focused on the early dynasties such as Xia and Shang, or other large Late Neolithic settlements such as Taosi10 or Liangzhu13, which have been considered early forms of regional states14,15. The extensive archaeological record of this large urban settlement has further expanded our knowledge of early state-level communities. Two ideas have attempted to explain the origins of Shimao city and its diffused cultural aspects. One proposes that Shimao was the cosmopolitan centre of a vast trade network, yielding bronze knives reminiscent of those in eastern steppe cultures, jade blades and alligator skins, possibly from coastal northern East Asian or the Yangtze River cultures2,3,6, and pottery types similar to the Central Plains Longshan culture. Another interprets Shimao as a separate regional cultural centre, possibly originating locally, boasting some of the mural paintings and mouth harp in China. This view is based in part on differences in construction techniques and cultural assemblages and argues that later similarities in the region may have been due to Shimao’s growing influence10,16.
Extensive sampling and the large-scale recovery of DNA from many individuals and burial sites make it possible to rebuild large family trees, providing an unprecedented opportunity to describe past mating and burial practices of ancient cultures17,18,19. Studies of megalithic elite tombs or massive family burials frequently illustrate patrilineal and patrilocal kinship systems19,20,21, although this is not always the case, as occasional instances have shown matrilineal or combined patterns22,23. Trans-regional studies supply further knowledge not only for social coherence but also record individual and familial mobility within or between large ancient communities24,25. So far, these studies have mostly focused on the regions of Mesoamerica or West and Central Eurasia. More recently, these genetic studies have begun to explore kinship in a Neolithic settlement of East Asia26. However, there is still no comprehensive genetic analysis comparable in scope to the large, organized settlements with social hierarchies of East Asian prehistoric cultures. Flourishing in a corridor between farming and nomadic communities, Shimao culture, represented by Shimao city and its contemporary satellite sites (for example, Muzhuzhuliang, Shengedaliang, Xinhua and Zhaishan), played a crucial role in establishing the model of large settlements at the very beginning of Chinese civilization, opening a unique genetic window into the population history and early social structures of their inhabitants.
Previous surveys of uniparental markers of Shimao and its surrounding sites have depicted a diversity of mitochondrial haplotypes, contrasting with relatively fewer Y haplotypes27,28. A deeper sampling of nuclear genomes from those large prehistoric settlements would allow a more comprehensive investigation into the genetic and societal history of the inhabitants. To illuminate the population origin and kinship practice of Shimao society, we have undertaken a dense genomic sampling from the Middle to Late Neolithic and Bronze Age of nine sites showing many prehistoric cultures (Yangshao, Shimao and Taosi culture) and covering the area on the Loess Plateau from the Ordos Desert to the lower Yellow River of Shaanxi and Shanxi provinces. We generated genome-wide data for 169 ancient individuals out of 207 human remains tested from seven archaeological sites of Shaanxi and two sites of Shanxi Province, China (142 out of 169 samples overlapped with the previous mitogenomic study27, and two were genetically identical with three previously reported Shengedaliang samples29; Fig. 1, Supplementary Table 1 and Supplementary Figs. 1–5). In total, radiocarbon dates were collected from 32 individuals representing each genetic cluster of retained individuals from nine sites (Fig. 1 and Supplementary Table 1). After excluding 24 genetically identical individuals (Supplementary Tables 1 and 2), 13 individuals with low numbers of single-nucleotide polymorphisms (SNPs) and one individual with a high mapping mismatch rate to the reference genome (Methods and Supplementary Tables 1 and 3), we carried out the population analysis on 144 unrelated individuals and kinship analysis on another 25 individuals having first-degree or second-degree kinships in total. DNA libraries were enriched for 1.2 million SNPs30, resulting in SNP counts ranging from 29,604 to 976,271 with an average captured SNP coverage of 2.74 times (Supplementary Table 1).
Fig. 1: Overview of Neolithic Shaanxi and Shanxi samples.

a, Geographic locations of newly sampled archaeological sites (filled, coloured symbols) from the Loess Plateau of Northern Shaanxi Province to Southern Shanxi Province, China. Purple symbols represent the geographical sites of previously published ancient samples from northern, western and central East Asia. b, Temporal distribution of new samples with direct radiocarbon dates from the Middle Neolithic (MN) to Late Neolithic (LN) and the Bronze Age (BA). Colours and symbols correspond with those in the geographic map. c, PCA projecting ancient samples (coloured) onto the genomic variation observed in Eurasian present-day humans (grey circles). Here cEA refers to the cline of central East Asians and Deep/wEA refers to the cline of Deep Asians/West East Asians. Yumin-related outliers are encircled by a dashed line and marked as Yumin cline. d, PCA analysis projecting ancient samples (coloured) onto the genomic variation observed in East Asian present-day humans. The sEA and Yumin clines are shown by dashed circles. The symbols are the same as c. Image in a reproduced with permission from ref. 46, Wiley-Blackwell, created with WorldClim (https://www.worldclim.org/) and Natural Earth (https://www.naturalearthdata.com) data.
Genetic make-up of Shimao populations
Efforts to explain the origins of the Shimao population have centred on cultural commonalities with populations from the neighbouring Central Plain and nearby northeastern populations in the Ordos region2,6, and to more distant cultural features from northeastern China, for example, the Amur River basin or coastal regions31,32. We investigated the genetic formation of various populations showing Shimao culture from the Loess Plateau through their genetic connections with a large panel of published Eurasian populations. First, we found that 4,200- to 3,800-year-old populations (upper range given for all carbon dates) attributed to Shimao culture (roughly 2300–1800 bce1) from Shimao city and its surrounding sites (Muzhuzhuliang, Shengedaliang, Xinhua and Zhaishan, together referred to hereafter as Shimao_4k) were closely related to the earlier population, Yangshao culture-associated roughly 4,800-year-old populations (Miaoliang and Wuzhuangguoliang, referred to together as preShimao_5k) in Northern Shaanxi province. Both Shimao_4k and preShimao_5k clustered with northern East Asian (nEA) ancestries (for example, YR_MN, YR_LN, WLR_LN and Miaozigou_MN) from outside Shaanxi province, supported by principal component analysis (PCA) and admixture analysis when K = 3 (where ‘K’ represents the number of ancestral source components; Fig. 1, Extended Data Fig. 2 and Supplementary Fig. 11). In outgroup-f3 analysis and D statistics, comparing Shimao culture-related populations with various ancient Eurasian populations, including nEA ancestries from the Yellow River basin, represented by YR_MN and YR_LN, and those further away such as Early Neolithic Shandong (Xiaogao and Bianbian), the Amur River basin (AR19K and DevilsCave_N) and the West Liao River basin (WLR_MN and WLR_LN), Shimao_4k populations had the highest overall affinity with the preShimao_5k compared with other nEA ancestries (Fig. 1c, Extended Data Fig. 1, Supplementary Tables 4, 9 and 10 and Supplementary Fig. 10). In addition, a maximum likelihood phylogeny with admixture (m = 2; Fig. 2) confirmed that Shimao_4k populations were found to have a clear genetic continuity with preShimao_5k (Fig. 2 and Supplementary Fig. 6). Genetic continuity of the Shaanxi populations was also validated using qpGraph, in which Shimao_4k could be modelled as a single source (100%) from preShimao_5k (here represented by the better covered Wuzhuangguoliang; Fig. 2 and Supplementary Figs. 7–9).
Fig. 2: Dual prevalence of the Middle Neolithic progenitor and Yumin-related ancestry across the Loess Plateau.

a, qpAdm analysis showing the ancestry proportions of Yumin and Wuzhuangguoliang for Middle to Late Neolithic Shaanxi populations. Colours represent the different ancestral sources of Yumin (green) and Wuzhuangguoliang (yellow). The measure of centres of the error bars is presented as the mean value of Yumin ancestry proportion ±1 standard error for the estimated admixture proportions by qpAdm using the block-Jackknife analysis. b, Admixture graphs built by the qpGraph module in AdmixTools, the selected admixture graph is built on a base graph containing the central African Mbuti as an outgroup, the early western Eurasian Ust’-Ishim and early Asian Tianyuan, sEastAsia_EN, YR_MN, preShimao_5k (Wuzhuangguoliang), Shimao_4k (Shimao_HJGD1), Yumin, preShimao_5k_o (Wuzhuangguoliang_o1) and Shimao_4k_o (Xinhua_o) added interactively. c, Constrained graph with two admixture events in 100 algorithm iterations. The log-likelihood (LL) score is 31.19. Mbuti, Ust’-Ishim, sEastAsian_EN (represented by Qihe2 and Liangdao2) and Tianyuan are constrained as a non-admixed population. For a more detailed fitting graph, see Supplementary Figs. 8 and 9. d, Treemix analysis setting two migration branches (m = 2). The range of bootstrap values (n = 1,000) is marked on the tree node in different colours and shapes, and the individuals included in the group of preShimao_5k, preShimao_5k_o, Shimao_4k, Taosi_4k and Shimao_4k_o are described in Supplementary Table 1.
To further clarify whether extra ancestries could be included along with the preceding Yangshao ancestry to the population of Shimao, a broad f4 analysis was performed (Supplementary Table 4 and Supplementary Fig. 10). Notably, several individuals within the Shimao culture-related populations of both Shimao city and its satellite sites (denoted as the Shimao southern East Asian (sEA) cline in Fig. 1) differed from the Late Neolithic Longshan population represented by YR_LN29 in showing diverse affinities of southern East Asian ancestry (represented by indigenous Ami population of Taiwan and the Xitoucun population of Fujian), evidenced by D statistics (Supplementary Table 5). qpAdm modelling indicates these Shimao sEA outliers harbour predominantly 70–90% Yangshao culture-related ancestry (represented by Wuzhuangguoliang) with a further 10–30% southern ancestries, which can be represented by 22–31% of southern mainland ancestry (Xitoucun) or 7–20% southeast coastal ancestries, represented by an Iron Age indigenous Hanben33 or Ami populations in Taiwan (Supplementary Table 6), suggesting influences from southern ancestry during the Late Neolithic expansion of rice farming had extended further north than the Central Plain, in line with a recent finding34 (see Supplementary Note 2 for further discussion; Supplementary Tables 5 and 6). Admixture modelling using qpAdm for Shimao and its contemporaneous related populations (that is, Muzhuzhuliang, Shengedaliang Xinhua and Zhaishan) of the Late Neolithic shows an extremely high contribution from the 4,800–4,600-year-old ancestry represented by Wuzhuangguoliang (9 out of 18 populations, listed and highlighted in grey in Supplementary Table 4, have a single ancestry source and 5 have more than 80% Wuzhuangguoliang ancestry; Supplementary Table 6), further supporting the hypothesis that the Shimao people mostly originated from a Yangshao culture-related population that was established in the region at least 1,000 years before. To further understand the ancestry sources of the earlier Wuzhuangguoliang population, we applied a simulation method (Methods). Our results indicated a mixed ancestry source for the Wuzhuangguoliang population (Methods and Supplementary Figs. 12–15), distinguished from Yellow River farming ancestries. We further explored the genetic relationship between Shimao_4k populations with the contemporary populations attributed to the Taosi culture (Taosi and Zhoujiazhuang, together referred to as Taosi_4k) located further south in Shanxi Province, indicating a close connection between Shimao and Taosi culture-related populations (see Supplementary Note 3 for further discussion).
Persistent Yumin-related presence
Agro-pastoralist societies in the Ordos region have frequently transitioned between herding and farming lifestyles from the Middle to Late Neolithic35. Located in the transitional corridor, Shimao showed steppe-related features with the introduction of herding animals36 and the presence of chiselled stone faces found at Shimao. To explore whether neighbouring steppe-culture populations genetically influenced Shimao populations and, if so, the timing and extent, we looked at the genetic connections between preShimao_5k, Shimao_4k, ancient western and eastern steppe populations37,38,39,40 (Afanasievo37, Yamnaya_EMBA38 and Shamanka39), West and Central Eurasians41,42, and other East Asians, including the nearby northern East Asian ancestry, Yumin32, represented by an 8,000-year-old individual from the Yumin site in Inner Mongolia, who inhabited the Inner Mongolian steppe and was absent from northern East Asia throughout the Neolithic and Bronze Age periods. We found the predominant preShimao_5k populations had little to no evidence of admixture with ancestries outside East Asia (Supplementary Table 8). When compared with the various nEA ancestries, we observed some outlier individuals from the Middle Neolithic Wuzhuangguoliang site having ancestries different from those predominant in the remaining populations. Two genetic outliers among the Wuzhuangguoliang population (Wuzhuangguoliang_o1; 4,831–4,585 calibrated years before present (Cal. BP); Supplementary Table 1) clustered with the Yumin population in the PCA (Fig. 1). The Treemix analysis also showed these Wuzhuangguoliang outliers (preShimao_5k_o) clustering with the Yumin branch (Fig. 2 and Supplementary Fig. 6). To further investigate the genetic make-up of these two Yumin-related outliers, we applied distal admixture modelling (Methods), which supported a 2-source admixture of 50.2 ± 11.5% Yumin-related ancestry and 49.8 ± 11.5% 4,832–4,820-year-old predominant Yangshao ancestry represented by Wuzhuangguoliang (Supplementary Table 6).
Looking at whether Yumin-related ancestry had a continuing influence on Shimao culture-related populations 1,000 years later, we observed an incidence of increasing Yumin-related ancestry lasting to the Late Neolithic but without obscuring the local genetic continuity of the previous 1,000 years. PCA and f3 analysis detected six genetic outliers (4,148–3,390 Cal. BP; Xinhua_o, Shimao_HCT_o, Shimao_DM_o1 and Shimao_DM_o2, and two belonging to Muzhuzhuliang_o) among the Shimao culture-related populations clustering with or close to Yumin (Fig. 1 and Extended Data Fig. 1). Those later outliers (Xinhua_o, Shimao_DM_o1 and Muzhuzhuliang_o) shared more alleles with Yumin than with Shimao or other nEA ancestries, as shown by the following D statistics: D(Yumin, Shimao/nEA; Shaanxi outliers, Mbuti) > 0 (−0.3 < Z < 9.2) and D(Shaanxi outliers, Yumin; Shimao/nEA, Mbuti) roughly 0 (−2.9 < Z < 2.9) (Supplementary Tables 9 and 11). Treemix analysis also showed that these Late Neolithic outliers (Shaanxi_4k_o) act as sister clades with the Yumin branch (Fig. 2 and Supplementary Fig. 6). Only one Late Neolithic outlier in Shimao (Shimao_HCT_o) was admixed with roughly 28–31% Yumin-related and roughly 69–72% Yangshao ancestry (ancestry proportion ranges are based on qpAdm models presented in Fig. 2 and Supplementary Table 6). Despite a time span of more than 4,500 years between Yumin and the most recent dated outlier in Dongmen of Shimao city (3,390–3,253 Cal. BP; Shimao_DM_o2), we found no evidence of admixture in the other five Late Neolithic outliers (Xinhua_o, Shimao_DM_o1, Shimao_DM_o2 and two from Muzhuzhuliang_o). This is evident by qpAdm analysis of distal or proximal modelling in which these five Late Neolithic outliers in Shaanxi province are best modelled as having a single source of ancestry related to Yumin (100%; Fig. 2 and Supplementary Table 6), and further supported by D statistics (Fig. 2 and Supplementary Tables 9 and 11). Together, these results indicate long-term interaction through coexistence and occasional admixture between ancient Shaanxi inhabitants and Yumin-related populations, and even an increase of Yumin-related influence from the Middle to Late Neolithic, in line with the discovery of the increasing incidence of herd animal exploitation36. It is unclear whether these interactions were related to trade, the maintenance of an agro-pastoralist lifestyle, perhaps in response to seasonal climate fluctuations, or other causes, but they were not substantial enough to interrupt the genetic continuity of the local ancestry36.
Sex-specific sacrifice at Shimao
The diversity of the sacrificial traditions of Shimao culture indicates a high degree of social stratification and strict hierarchy2. Sacrificial traditions at Shimao and its surrounding sites consisted of two forms: mass burials that may have served public ritual purposes, as found in Shimao Dongmen or on a raised area potentially containing a palace at Huangchengtai (Supplementary Figs. 1 and 2), and sacrifice accompanying high-status burials, where the sacrificed victims would be entombed with the tomb owners, as found at the cemeteries in Shimao and Zhaishan sites (Figs. 3 and 4 and Supplementary Figs. 3–5). To explore whether we could detect a demographic bias of the victims selected for sacrifice, we investigated the site of Dongmen (East Gate) at Shimao. In contrast to previous archaeological reports that identified these sacrifices as female-biased on morphological criteria, our results showed the sacrificial victims in Dongmen showed no evidence of female bias, with 9 out of 10 victims being men (female/male assigned female/male at birth). Three of these male individuals were previously identified in these reports as female by morphology. The archaeological context, beneath the foundation of the gate2,5, suggested that these sacrifices were probably connected to a construction ritual of the walls or gate, a custom observed at later sites in China2. To further understand these findings, we explored the genetic composition and kinship relationships of these sacrificed individuals in comparison to the dominant populations of Shimao. Our analysis identified two genetic outliers at Dongmen who possessed Yumin-related ancestry32, including a sacrificed victim from the pit and an individual from a late tomb (Shimao_DM_o1 and Shimao_DM_o2; Figs. 1 and 2 and Supplementary Table 1), who were buried alongside inhabitants with predominantly Wuzhuangguoliang ancestry (Supplementary Table 6). No pairwise kinships or shared identity by descent (IBD) segments were detected between these outliers and others within or across the sites (Fig. 4, Extended Data Figs. 3 and 4 and Supplementary Figs. 16–21). Except for these two Yumin-related sacrificed individuals, no differences in ancestry were detected between those selected for sacrifice at Dongmen and the elite class of tomb owners at interior Shimao sites.
Fig. 3: Kinship and social organization at Zhaishan site.

Grave locations and reconstructed pedigree at the Zhaishan site. The connections inferred from trustworthy IBD sharing are marked in pink, representing sample pairs with either coverage above 1× for both samples. The IBD edges bar was added based on the maximum IBD length when IBD 12 cM.
Fig. 4: Kinship and social organization across Shimao societies.

a, Map of sites within Shimao city including Dongmen (DM), Huangchengtai (HCT), Hanjiagedan (HJGD), Houyangwan (HYW) and Mahuangliang (MHL); the symbols represent the inferred social organizations in each Shimao site. Sacrificed victims from the high-level graves are marked as bold golden rectangles (men) or circles (women) of Dongmen, Huangchengtai and Hanjiagedan sites, and individuals from the same grave are marked with the same colour. b, Grave locations in the cemetery of Huangchengtai (the grave level at this site is higher than those at Hanjiagedan), and the kinships between residents. The high-level graves at Huangchengtai typically feature one to three sacrificed individuals alongside a niche containing burial goods. Tomb owners and individuals with unknown identity but who have kin connections with the sacrificed individuals are also plotted. c, Grave locations in the cemetery of Hanjiagedan within Shimao city and the reconstructed pedigree spanning at least three generations between tomb owners. Haplotypes of the mitochondrial and Y chromosomes are marked as circles and rectangles in different colours. Here the light blue dotted line represents one possible case of a matrilineal pedigree among several possibilities. d, Sampled individuals in the grave from Houyangwan, the East Gate (Dongmen) of Shimao city (Shimao_DM_o2 of M2: a later resident grave, different from other sacrificed people) and the Mahuangliang site. The mitochondrial haplotypes of b and d are simplified into lineages from A to Z. All second-degree kinships are marked with a dashed line in golden yellow. Connections inferred from trustable or low-confidence IBD sharing are marked in pink or green, representing sample pairs with both coverage above 1× or with coverage below 1× for either sample, respectively. The IBD edges bar was added based on the maximum IBD length when IBD 12 cM. Map in a reproduced with permission from Shaanxi Academy of Archaeology7. ‘Rob hole’ denotes an illegal looting tunnel; a specimen recovered from such a feature is thereby deprived of its original burial context.
Although the limited sample size reduces our statistical power to detect significant sex biases, we observe a marked contrast between the predominantly male sacrifices at Dongmen in Shimao city and the predominantly female sacrifices associated with elite burials at several Shimao cultural sites: including Hanjiagedan and Huangchengtai within Shimao city (Fig. 4), as well as secondary settlements such as Zhaishan (Fig. 3). Among these, Hanjiagedan, located south of the inner enclosure, served as a noble cemetery. Nearly all sampled sacrificed individuals were female (six out of seven) and unrelated to the tomb owners. Another high-level cemetery in the city centre, Huangchengtai of Shimao, potentially where the ruling class resided, also showed predominantly female sacrifices (14 out of 19). However, unlike other sites, second-degree kinships were observed among the sacrificed victims (Fig. 4, Supplementary Table 3 and Supplementary Fig. 19), indicating that families or communities may have been selected for burial sacrifices by the ruling elite. A small burial ground, similar to the mass burial at Dongmen, was unearthed near the palace area of Huangchengtai. All individuals buried there were women (three out of three) and none showed detectable familial ties to individuals from nearby communities (Fig. 4, Extended Data Fig. 3 and Supplementary Table 3). The identity of these female sacrifices could be extrapolated from the handcrafted products excavated alongside them, offering an assumption that the craftsmen who mastered the core production technology were concentrated in the upper elite residential quarters. In concordance with practices at Shimao, its secondary settlement, Zhaishan, also featured only female sacrifices (two out of two), with no close kinships (first-degree to second-degree kin) observed between the sacrificed individuals and their tomb owners (Fig. 3 and Supplementary Fig. 18). These patterns of mostly female sacrifices starkly contrast with Dongmen, in which decapitation and mass burial involved mostly sampled men. The sacrificial practices observed in the cemeteries of Shimao city and Zhaishan may represent ancestor veneration, in which women were sacrificed to honour elite nobles or rulers. The divergent traditions seen in these sacrificial customs suggest a complex, hierarchical social system in Shimao culture, which was not observed in previous ancient genomics studies. However, our analysis is based on a limited number of well-preserved remains, which may not fully represent the entire population of sacrificed individuals. This sample size, unfortunately, lacks robust statistical power, limiting the interpretation of the bias ratios.
We then looked for signs of consanguinity in Middle to Late Neolithic Shaanxi communities and found three individuals whose parents were probably first-degree or second-degree relatives (Extended Data Fig. 5 and Supplementary Table 14). At Zhaishan, a sacrificed woman (C6213) showed extensive long runs of homozygosity (ROH) (roughly 400 centimorgans (cM); Extended Data Fig. 5a), consistent with her being the offspring of a second-degree relative mating (Extended Data Fig. 5). However, distinct from the high-status consanguineous offspring reported in Neolithic Ireland whose parentage was considered to have had high social sanction43, we found that this sacrificed woman (Fig. 3) shared only distant kinships (third to fifth degrees kin) with two lineage tomb owners (individuals on the pedigrees denoted in Fig. 3). Close-kin mating was not observed among other elites or commoners with available pedigree or ROH information, suggesting such unions may have been avoided or less common in higher-status lineages, although larger sample sizes are needed to confirm this pattern.
Dominant patrilineal descent structure
In the absence of more advanced political systems, researchers have traditionally regarded family relationships as a means of maintaining elite status and perpetuating power. To investigate the family ties among the tomb owners of Shimao culture, we sampled individuals from low-level to high-level graves of the Middle to Late Neolithic large communities and uncovered a web of relatedness ranging from two to four generations. We were able to identify 25 kinship pairs within-second-degree kinship with high confidence and 31 pairs for IBD sharing that showed a possible third-degree to fifth-degree kinship in total across all sites (Figs. 3 and 4, Extended Data Fig. 3, Supplementary Tables 3 and 12 and Supplementary Figs. 18–21). We then extended pedigrees up to four generations among tomb owners in low-level to high-level graves at Shimao city and Zhaishan, finding that the largest pedigrees at both sites were established by a high-status man. Their male offspring also appeared to have had high social status with the right to wealth inheritance (for example, burial goods and offerings of sacrifice). This is indicative of a predominant patrilineal descent structure both at Zhaishan and Hanjiagedan, although we cannot exclude one possible matrilineal case at Hanjiagedan (Fig. 4). We determined the uniparental haplotypes of all higher-status individuals, both lineage and non-lineage members (as shown on or off the pedigrees in Fig. 4), and found that all lineage male tomb owners of Zhaishan (Fig. 3) and Hanjiagedan (Fig. 4) nearly universally carried the same paternal haplogroup (O3a2c). Except for one non-lineage man at Huangchengtai, who had a different Y haplotype (C2e2). This contrasts with the diverse maternal haplogroups of ten female tomb owners observed in these three cemeteries (Figs. 3 and 4). Likewise, human remains in the contemporaneous settlements attributed to the Shimao culture (Muzhuzhuliang, Shengedaliang, Xinhua and Zhaishan) also demonstrated a diversity of mitochondrial haplotypes but relatively limited paternal haplotype structures among the residents (Supplementary Figs. 18 and 19), showing a patrilineal descent structure in which group membership primarily derives from the father’s lineage.
The practice of female exogamy can be useful for maintaining genetic diversity and reducing the incidence of close-kin mating and has been identified in several Neolithic communities in West Eurasia18,19,44. To see whether these practices played a role in maintaining the developed social hierarchy system at Shimao, we checked all the lineage and non-lineage female individuals along with their male relatives. The constructed pedigree at Hanjiagedan showed the second-generation males’ female partners came from different biological families, a circumstance that is also found at Zhaishan, although it is not clear whether these partnerships occurred serially or were polygamous (Fig. 3). We observed no close biological relatives—such as daughters, parents or siblings—of these female tomb owners at the site from high to low-level graves at Zhaishan and Hanjiagedan cemeteries, which may suggest that they were not descended from local families but rather originated outside the community (Figs. 3 and 4). Whether these are instances of female exogamy practices is unclear due to the influence of incomplete sampling. A better understanding of the Shimao culture’s mating customs would require a broader sampling of tomb owners.
Tracking how burial goods as indicators of status can help infer patterns of wealth transmission and patrilineal influence in Shimao’s potentially hierarchical society. We found two non-lineage female tomb owners at Huangchengtai, a presumed ruling-class cemetery, having high social status as evidenced by their rich burial goods and sacrifice offerings. This is comparable to the five male tomb owners at cemeteries at Hanjiagedan and Zhaishan, conveying that in Shimao culture, high social status and associated wealth may not have been constrained to men, and that women could also have had political powers. Because these female tomb owners do not belong to a discernible family lineage, or their direct relatives were not recovered, it is challenging to determine whether their wealth was inherited from parents or husbands, or accumulated independently. Overall, both pedigrees of Hanjiagedan and Zhaishan depicted a core role of families in Shimao communities. We used the pedigree information to determine whether the spatial arrangement of tombs could reflect familial ties. Notably, the arrangement through geographical proximity and direction of tombs has no strong correlation with the first-degree or second-degree kinship among tomb owners, demonstrating that the blood relations were not a factor in grave placement (Figs. 3 and 4c). At Zhaishan cemetery, father–adult son tombs were spatially closer than those of fathers and adult daughters (Fig. 3), supporting a patrilineal and potentially patrilocal system.
Discussion
The extensive and high-resolution dataset from well-preserved settlements of Shaanxi and Shanxi provinces offered us a genetic window into the human migration, interaction and kinship practice of these distinctive and important past societies in prehistoric China. The populations of Shimao society within the Ordos loop were found to have originated from a single ancestral source, corresponding to a regional genetic continuity from the Middle to Late Neolithic, which shows consistency with the hypothesis from archaeologists that Shimao city was founded by the agro-pastoralist elites of the Loess Plateau and Ordos region2. This region acted as an interaction corridor between farming-associated and herding-associated ancestries, separating the large settlements attributed to Shimao culture from those in the Central Plain. In addition, we detected the presence of an inland northern East Asian ancestry from the Inner Mongolian steppe, Yumin, before and during the occupation period of Shimao. The lasting presence of Yumin ancestry suggests a regular and lengthy interaction with periodic genetic inflow from the Yumin populations of northern China without disrupting the genetic continuity of the dominant local Shimao ancestry. Together, our results reveal new insights into the lasting coexistence and interactions of Yumin ancestry from Inner Mongolia with the Yangshao and Shimao culture-related ancestry in northern Shaanxi, in line with the progressive transition from exclusive farming to integrated agro-pastoral subsistence across this region36. In addition, our findings showed a broader genetic contribution from southern mainland Xitoucun ancestry and southeast coastal indigenous ancestries, represented by Taiwan-Hanben or Ami, extending over a long distance from Fujian or Taiwan to the Shanxi and Shaanxi populations. This aligns with evidence of rice farming expanding further north with a broader population contact34. Nevertheless, it remains unclear whether these genetic affinities originated directly from southern coastal or mainland populations, or were mediated through Yangzi River Longshan populations. Further sampling is needed to resolve this question.
Given the genetic continuity with populations inhabiting the same region 1,000 years previously, apart from the Yumin-related introgression, the people of Shimao showed little to no admixture with outside groups that shared some cultural similarities, such as populations to the west occupying the western Eurasian steppe and Northern and Central Asia, or coastal Shandong to the east. This suggests that the presence at Shimao of anthropomorphic stone carvings, specialized knives and artefacts such as jade blades and alligator bone plates were most likely sourced from these regions through expansive trade networks without genetic exchange. Despite the distance between the two, the inhabitants of Taosi, the contemporary large settlement comparable to Shimao, and a nearby settlement, Zhoujiazhuang, share close ancestry with pre-Shimao populations from the northern Ordos plain. This is not at odds with proposals based on archaeological data that a more complicated relationship involving both trade and pillage may have existed between the two large communities2. We have shown that Yangshao culture-related populations living at least 5,000 years ago at Wuzhuangguoliang are ancestral to Shimao and Taosi regions of cultural influence, with limited interactions with Yumin-related populations to the north, resolving important questions about the origins of the Shimao city builders and the relationship between Shimao and Taosi, but more questions remain to more precisely define these relationships, and the role both ancestral and familial lineages may have played in the early societies of the Shaanxi–Shanxi region.
Along with the settlement patterns of the emerging agro-pastoral society at Shimao, the rich quantity of burials attributed to different social classes allowed us to examine the three dimensions of social structure based on kinship practices: lineage descent, marriage patterns and residential rules45. Through genomic sampling of low-level to high-level graves and sacrificial burial pits, we further clarified the social organization and kinship patterns of the hierarchy-driven Shimao society. Within these burials from elite to common people, our results support a predominantly patrilineal organization along with apparent male-specific and female-specific sacrifice customs, together shaping a hierarchically structured Shimao society. Unlike the extensive pedigrees recovered so far from the family burials from the West to Central Eurasia17,20, many first-degree and second-degree kinships and IBD pairs among the diverse burial practices allowed us to reconstruct several extended pedigrees spanning from both high-level and low-level graves. On the larger scale, we show that Yangshao culture-attributed pre-Shimao and Shimao culture populations maintained healthy population diversity with little close-kin mating and a large effective population size for more than 1,000 years. Furthermore, we coanalysed the spatial distance and the genealogies among individuals between all the sites located in the Loess Plateau (Extended Data Fig. 3). We found no close kinship practices or shared IBD blocks with high confidence within Shimao cultural communities or between the southward Taosi cultural communities in Shanxi Province, implying restrained movement and mating patterns between families belonging to different cultures, or those far from the dominant local communities.
Within the Shimao communities, no direct familial linkages were detected between social elites and sacrificed individuals, suggesting the presence of constrained mating practices and social boundaries. However, given the observed kinship connection between the elite and a lower-status individual, these boundaries were probably permeable to a certain extent. Further data from individuals of intermediate status will be essential to more comprehensively evaluate the social stratifications of Shimao society. Instead, the lack of kinship between the elite tomb owners and the sacrificed people in the tombs may suggest that graves were centred around social elites and their families, and the sacrifice rite was administered according to social status. Whereas the uniparental genetic data indicate a patrilineal kinship system, the presence of high-status female individuals suggests that gender roles did not strictly limit access to elevated social positions in the Shimao communities. In summary, our analyses highlight the utility of extensive genomic sampling to reveal detailed patterns of prehistoric social organization. Tracking how burial goods such as weapons, pottery, as well as animal and human sacrifices, follow the pedigrees has also clarified patterns of wealth inheritance and class differentiation within an early East Asian political power centre and its satellite settlements. Situating these findings within a broader cultural and symbolic framework enriches our understanding of the ancient ritualistic practices and social dynamics of Shimao.
Methods
Ethics and inclusion statement
Permission to access the ancient DNA in the human remains in this study was approved by the archaeological team that lead the excavation from Shaanxi Academy of Archaeology, Institute of Archaeology (Chinese Academy of Social Sciences) and Archaeology Institute of National Museum of China. The Institutional Review Board of the Chinese Academy of Sciences, Institute of Vertebrate Paleontology and Paleoanthropology provided further monitoring and permission for the sampling of ancient humans in this research. All the work was done in collaboration with local archaeologists, who were named co-authors for their contributions to the collection of material and archaeological information, such as on-site photographs, classification of high-level tombs and/or discussions that contributed to the associations derived from the archaeological research cited in this study. All wet laboratory work and data analysis are performed with equipment from the Molecular Paleontology Laboratory, Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences.
Ancient DNA experiments and sequencing
We sampled and sequenced 207 human remains from Shaanxi and Shanxi provinces, China, among which 169 individuals were analysed in this study (Supplementary Table 1). All extraction, sequencing and data processing of ancient human samples were carried out in dedicated laboratories at the Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, in Beijing. Following standard protocols47, DNA was extracted from each sample from less than 100 mg of bone powder, obtained through drilling. We prepared double-stranded libraries (denoted ‘DS’ in Supplementary Table 1) for 134 samples with uracil-DNA glycosylase partially treated library protocol (denoted ‘half UDG’)48,49 (Supplementary Table 1). For 35 samples, we prepared single-stranded libraries (denoted ‘SS’, Supplementary Table 1) with full UDG treatment (4 samples; denoted ‘UDG’, Supplementary Table 1) or no UDG treatment (31 samples; denoted ‘No’ in Supplementary Table 1). To collect enough DNA for capture, libraries were amplified for 35 cycles using the AccuPrime Pfx polymerase. We then evaluated the amount of DNA extracted per sample using a Thermo Scientific NanoDrop 2000 spectrometer. We applied a capture strategy on both mitochondrial and nuclear DNA. For mitochondrial DNA (mtDNA), we used oligonucleotide probes synthesized from the complete human mitochondrial genome50, for nuclear DNA, oligonucleotide probes targeted 1.2 million SNPs (the ‘1,240k’ SNP panel) were applied. After enrichment, sequencing was performed on an Illumina MiSeq sequencing platform to generate 2 × 76 base pairs (bp) paired-end reads for the mtDNA and an Illumina Hiseq 4000 sequencing platform to generate 2 × 100 bp and 2 × 150 bp paired-end reads.
Read alignment and variant calling
We used leeHom51 to trim adaptors and merge paired-end reads into a single sequence (minimum overlap of 11 bp), keeping only merged reads with a length of at least 30 bp. Reads were aligned with BWA (v.0.5.10)52 using the bam2bam command with default parameters, except for samples with no UDG treatment, for which we used the parameters -n 0.01, -l 16500 and -o 2. We aligned the mtDNA reads to the revised Cambridge Reference Sequence53 and the nuclear DNA reads to the human reference genome hg19 (ref. 54). Duplicate reads with the same orientation, start and end positions were removed, and reads with a minimum mapping quality score of 30 were kept for analysis. The frequency of terminal C-to-T misincorporations was used to validate ancient DNA sequences, and contamination rates were estimated on the basis of two approaches. For all the individuals, we applied ContamMix55 to compare mtDNA fragments between the new consensus mitochondrial genomes with the present-day sequences50. To minimize the impact of damaged bases, we ignored the first and last five positions of the fragments during estimation. We treated the libraries as contaminated if the estimated contamination rate was greater than 5%. Contamination rates for men were also estimated using ANGSD56, leveraging the fact that men have one copy of the X chromosome, and verified using HapCon57, to improve the performance of low-coverage data. To keep enough individuals for further analysis, for 12 individuals with contamination above 5% (‘b’ annotated in the column of SNP number, Supplementary Table 1), we restricted our analysis to only damaged fragments with ancient DNA characteristics. The damaged fragments were obtained by pmdtools v.0.60 (ref. 58) with the --customterminus parameter, keeping fragments with at least one C → T substitution in the first three positions at each end. To eliminate the potential bias caused by the terminal deaminated cytosines, we masked 2 bp at the end of mapped reads for all the double-strand libraries with half UDG treatment, and 5 bp at the end of the reads were masked for all the single-strand libraries with no UDG treatment. To generate pseudo-haploid genotypes, heterozygote SNPs were randomly sampled to determine a single allele for the individual. During genotyping, the first and last 5 or 2 positions of the fragments were ignored for non-UDG-treated and UDG-treated libraries, respectively, and 13 poorly covered samples (with fewer than 27,000 SNPs) were removed.
Uniparental haplogroup identification
Mitochondrial sequences for each individual were mapped to the revised Cambridge Reference Sequence59. We only kept reads of a minimum of 30 bp in length and with a minimum mapping quality of 30. Haplogroups for each individual were called using HaploGrep2 (ref. 60) based on PhyloTree Build v.17 (ref. 59). We also confirmed all the haplogroups using the phylogenetic tree constructed with mtphyl v.5.003 and found that two individuals with an R# haplogroup (R + 16189)27 were assigned into the subclade of Haplogroup B4c1a since the 9-bp deletion (8281–8289). In comparison, four individuals with B haplogroups were assigned to the ancestral haplogroup with the best fit (that is, B4a, B4b1 and B4c1b). For the male individuals, Y-chromosome haplogroups were determined by identifying the assigned position in the phylogenetic tree on the basis of the International Society of Genetic Genealogy dataset version 9.77 (www.isogg.org/tree). In cases in which the most derived allele upstream of the Y-chromosome was a C to T or G to A substitution, indicative of possible deamination, at least two derived alleles were required to assign the Y-chromosome haplogroup. Otherwise, the haplogroup of the tested individual would be assigned to the ancestral haplogroup. When the subclade of the haplogroup assignment could not be determined, the haplogroup of the individual would be assigned to the most recent ancestral haplogroup they best fit (for example, No).
Population structure analysis
We conducted a principal component analysis (PCA) with smartpca in the EIGENSOFT package61. To calculate the principal components, we used 82 present-day populations from the Affymetrix Human Origins dataset62. We merged newly sequenced and published ancient individuals to the Human Origins dataset and projected them using the following program settings: ‘lsqproject: YES’, numoutlieriter: 0, and shrinkmode: YES. Newly sequenced or previously published ancient individuals were projected onto the principal components calculated based on present-day Eurasians (Fig. 1c) or only the East Asians (Fig. 1d). We estimated individual ancestries by model-based maximum likelihood clustering using ADMIXTURE63. We used 44 of the 82 populations used in the PCA, along with 10 present-day Han and Tibetan populations from ref. 64. Before the admixture analysis, we pruned genotypes with high linkage disequilibrium (r2 > 0.4) using PLINK (version v.1.90)65 and the parameters ‘-indep-pairwise 200 25 0.4’ were applied for SNP filtering, leaving 597,573 SNPs. ADMIXTURE analysis was conducted with K from 2 to 10. For each K, we ran the analyses ten times with different seeds to estimate the cross-validation error, and the best K was determined according to the lowest cross-validation error.
Relatedness analyses
Kinship patterns among the samples from Shaanxi and Shanxi provinces were analysed using READ v.2 (ref. 66) to determine the degree of kinship, and confirmed by lcMLkin67. Further connections of the pedigrees or individuals were investigated using ancIBD68. For Huangchengtai samples, we introduced the third hidden Markov-model-based approach by KIN69 to test all the kinships within the second-degree. After filtering 22 genetically identical individuals, we found 25 kinship pairs with high confidence (Supplementary Table 3), consisting of 8 pairs of first-degree relationships, including 1 full sibling and 7 parent–offspring, and 17 second-degree relatives (Supplementary Table 3). For the READ analysis, a genome-wide approach was applied for calculating a single value (P0) across all sites without splitting the genome into windows, and the average P0 was then normalized by the median of all average pairwise P0 across all samples. To estimate standard errors, a block-jackknife approach was applied with blocks of 50 mega bp (Mbp). For the differentiation between parent–offspring and siblings, a different window size of 20 Mbp was used. We ran separate analyses by three groups: all Middle Neolithic Shaanxi samples, all Late Neolithic Shaanxi samples and all Shanxi samples. We used unrelated individuals without having first-degree and second-degree kinships estimated by READ for subsequent genetic analyses.
A further genotype likelihoods-based method to determine kinship, lcMLkin, was applied that considers the inaccuracy of genotype calling when sequence coverage is low. lcMLkin outputs the estimated probability of two diploid individuals sharing zero (k0), one (k1) or two (k2) alleles that are identical by descent (IBD) and calculates the combined kinship coefficient by the equation: r = k1/2 + k2. The kinship categories (for example, identical twins or self, parent–offspring, full siblings, second-degree and unrelated) were determined by comparing with the theoretical expectation for k0, k1 and k2 (ref. 70). The method requires a SNP set with minor allele frequency higher than 5% and without linkage disequilibrium with each other. SNPs with allele frequency lower than 5% among all present-day East Asians from the Simons Genome Diversity Panel dataset71 were removed, and the resulting data were pruned for linkage disequilibrium using PLINK, with the parameter ‘-indep-pairwise 200 25 0.5’, which resulted in 135,642 SNPs available for the downstream analysis. We called genotype likelihoods at these SNP sites for our ancient individuals using the script SNPbam2vcf.py available with lcMLkin and estimated their biological relatedness using lcMLkin (Supplementary Table 3). When two samples from the same burial site were identified as identical twins or the same individual, the sample with the lower coverage was removed from analysis. For samples with first-degree or second-degree familial relationship, we only retained genome-wide data for the individual who had the higher coverage and no first-degree or second-degree relationships with the remaining individuals in the same site for further downstream genetic analysis. This resulted in 25 samples being excluded from the population analyses.
For the shared IBD analysis, genomes from individuals with coverage above 0.5× were imputed by GLIMPSE2 (refs. 72,73) setting parameters for quality control in phasing as --mapq 30 and --baseq 30. The 1000 Genomes Phase 3 dataset was used as a reference panel and was downloaded at http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/. To obtain the IBD sharing information, imputed files were merged by chromosomes and analysed by the software ancIBD68 with suggested parameters, including genotype posterior probabilities higher than 0.99, gap maximum at 0.0075 and IBD blocks with more than 220 SNPs. The results of IBD sharing between pairs of individuals are recorded in Supplementary Table 12. We focused on IBD connections between individual pairs both having coverages above 1×. We also provided the results for IBD connections when the coverage of either of the individuals in a pair is between 0.5 and 1×, but denoted them as ‘low confidence’. To confirm the within-second-degree kinship relationships estimated by READ, lcMLkin and KIN (Supplementary Table 3 and Supplementary Figs. 16 and 17a), we counted and plotted the sum and number of IBD segments longer than 12 cM, which could be applied to infer kinship relationships68. We also depicted IBD segments that were longer than 8 cM (Supplementary Figs. 17b–d) in karyotype plots for these individuals who shared within-second-degree kinships.
To further infer distant kinships of more than second degrees (denoted as third-degree to fifth-degree degree kinships in Fig. 3, Extended Data Fig. 3 and Supplementary Figs. 18–21), we counted and plotted the length distribution and the karyotype of shared IBDs longer than 8 cM. The kinship relations were determined based on the goodness of fit between the observed and the expected curves of various kinship categories, denoted in the top right of each karyotype plot (Supplementary Figs. 17–21). Individual pairs within each site with IBD sharing shown in figures were denoted as possibly having third-degree to fifth-degree kinship relationships (Figs. 3 and 4 and Supplementary Figs. 17–21). Individual pairs across sites sharing single IBDs of at least 25 cM in length were also counted (Extended Data Fig. 3). We also compared the sum and number of IBDs that the segments longer than 8 cM or 12 cM between individuals with different social status (that is, tomb owners and sacrificed victims) at different sites (Supplementary Table 13 and Extended Data Fig. 3). We only included individuals with an average SNP panel coverage of at least 1×. Only one individual was considered for pairs identified as genetically identical.
ROH
The presence of close-kin mating and kinship-based mating systems could be reflected by the ROH, which represent long stretches of homozygous segments along the genome of an individual. For 171 individuals with SNP counts at least 29,000, we applied hapROH74 that detects ROH in low-coverage ancient DNA data using haplotype information from a modern phased reference panel. We detected ROH with four length classes (4–8 cM, 8–12 cM, 12–20 cM and more than 20 cM). Results for individuals with SNP counts more than 400,000 were recorded as ‘high confidence’, whereas others were recorded as low confidence (Supplementary Table 14). Observed and expected ROH blocks above 4 cM were plotted using hapROH.
Genetic clustering among new samples
Samples were grouped using a combination of D statistics and PCA. We calculated the D statistics in form D(Sample 1, Sample 2; Population, Mbuti) for each pair of samples. Here, we took Mbuti as the outgroup. Sample 1 or sample 2 are two unrelated individuals from each archaeological site. The 45 individuals and populations (both ancient and present-day) making up the population in the above statistic are grouped as follows:
aNorthEA(14)
AR_EN, Bianbian, DevilsCave_N, Chokhopani, HMMH_MN, Kolyma, Mebrak, Mongolia_N_East, Okunevo_EMBA, Shamanka_EN, WLR_MN, WLR_LN, WLR_BA, Yumin; aSouthEA(7): Liangdao1, Liangdao2, Longlin, Man_Bac, Nui_Nap, Qihe and Qihe3.
DeepAsia(9)
G1, Jomon, Malta1, Onge, Papuan, Tianyuan, USR1, Vanuatu, Yana; aWest/SouthAsia(15): Afanasievo, Anatolia_N, Botai_CA, Ganj_Dareh_N, IndusPeriphery, Hajji_Firuz_C, Harappan, Iran_N, Karelia, Kotias, Kostenki14, Shahr_I_Sokhta_BA3, Ust-Ishim, Vestonice16 and Yamnaya_Kalmykia.SG.
If the samples can be grouped in the same genetic cluster, we predict that D ≈ 0 (|Z score| < 3) for most populations. Samples that deviated from this expectation within groups, or were found to be outliers in the PCA, were separated from the main group. Results were only considered from sample pairs having at least 25,000 overlapping SNPs. We summarize the matrix for the count of significant pairwise D statistics for each archaeological site in Supplementary Table 2. The detailed genetic grouping is listed in Supplementary Table 1 and the PCA clustering is presented in Fig. 1. The 18 populations defined in the text are denoted and highlighted in grey in Supplementary Table 4.
Outgroup f
3 and D statistics
We calculated f3 statistics using qp3Pop (v.412) with the form f3(Population X, Population Y; Mbuti), measuring the shared genetic drift between all combinations of populations relative to the outgroup. We used the present-day central African population, Mbuti, as the outgroup and compared newly sequenced and previously published ancient populations within or outside East Asia (Extended Data Fig. 1). The higher the f3 statistic, the more genetic drift (or shared genetic similarity) two populations share relative to Mbuti. We calculated D statistics using qpDstat (version 712) with the form D(population X, population Y; population Z, Mbuti), measuring the shared number of alleles between all combinations of grouped new populations and a diverse array of previously published ancient and present-day populations (Supplementary Tables 4, 5 and 7–11). A negative D statistic means that population Y shares more alleles with population Z than it does with population X. A positive D statistic means that population X shares more alleles with population Z than it does with population Y. Both the outgroup f3 and D statistics were calculated using AdmixTools75.
Admixture modelling with qpAdm
The ancestry proportions of ancient populations were estimated using qpAdm (v.634) in the AdmixTools package, modelling one, two or three different sources. Distal and proximal modelling were used to model the ancestry of target populations, in which two modelling types differ in the relative age of the source populations. Distal modelling considers older source populations with larger genetic distance (Yumin, sEastAsia_EN, Xitoucun, Man_Bac, Coastal_nEastAsia_EN, Xingyi_EN, AR14K, YR_MN, Wuzhuangguoliang and WLR_MN) and proximal modelling looks at younger source populations with closer genetic distances (Yumin, Wuzhuangguoliang and YR_MN), which was applied for the outlier modelling (sEastAsian_EN = Qihe2 and Liangdao2; Coastal_nEastAsia_EN = Bianbian, Boshan and Xiaogao)32. Both model types used the same set of reference populations, which include Mota, Ust-Ishim, Kostenki14, Iran_N, IndusPeriphery, LBK_EN, Motala12, Kotias, AR33K, Yana, Karelia (IndusPeriphery = Shahr_I_Sokhta_BA2 and Shahr_I_Sokhta_BA3 (5--4 ka) from Shahr-i-Sokhta in Iran, and Gonur Depe (Gonur2_BA) (roughly 4 ka) from the Bactria-Margiana Archaeological Complex in Turkmenistan)32,76. As for the subgroups (Shimao_HJGD3 and Zhoujiazhuang3) potentially having connections with Western or Central Asian populations, we consider extra sources (Anatolia_N, Afanasievo, AYTH, Saidu_Sharif_H, Kashkarchi_BA, Zevakinskiy_LBA, IndusPeriphery, Bustan_BA, Botai_CA, Satsurblia, Gonur1_BA, Dzharkutan1_BA, Gogdara_IA, Loebanr_IA, Shahr_I_Sokhta_BA1, LaBrana1, Levant_N, Stuttgart and Loschbour) along with the source populations in the distal model described above, and with the same reference population but excluding Iran_N and IndusPeriphery. A ‘rotating’ scheme77 of source and reference populations was used for distal and proximal modelling. Wuzhuangguoliang and the extra sources were used only as the source population. As the genetic make-up of the proximal sources is too close to compete for the most optimal model, on the basis of the determined sources (Wuzhuangguoliang or further sources) from distal modelling, we fixed them as the source populations. The other parameters we adopted for qpAdm modelling are: ‘allsnps: YES’, ‘details: YES’ and ‘summary: YES’. The model was deemed plausible if the tail probability of rank0 is above 0.05 and the estimated admixture proportions are between 0 and 1. A valid model with more source populations was considered only when fewer sources were rejected, and results with the lower number of sources were marked as the high-confidence model in Supplementary Table 6.
We observed two-way admixture models for Shimao_HJGD3, including 87–93% Yellow River Yangshao ancestry (represented by Wuzhuangguoliang or YR_MN) with an extra 7–13% ancestry components from diverse non-East Asian ancestries, represented mainly by Iranian farmer-related and Western Hunter-gatherer-related ancestry. Zhoujiahzuang3 could still be modelled as having one source from either Coastal_nEastAsia_EN or Wuzhuangguoliang (Supplementary Table 6). To get a broader source for the Wuzhuangguoliang population, we also conducted further qpAdm testing by swapping AR14K with the later ARpost9K population, and we found ARpost9K could better represent the AR14K and Yumin ancestry components for Wuzhuangguoliang ancestry.
Modelling of Wuzhuangguoliang ancestry
To further understand the composition of ancestry sources for Wuzhuangguoliang, we simulated the admixed populations with 20 replicates to better represent the potential ancestries with admixture proportions from 0% to 100% in increments of 1% following the method implemented in ref. 78. The measurement is based on f4 statistics in the form of f4(Wuzhuangguoliang, simulated mixture populations; nEA/outEA/steppe/AR-related, Mbuti) with a two-sourced mixture of Early Neolithic Shandong including Bianbian, Boshan and Xiaogao subpopulations with YR farming ancestry (YR_MN), or a three-sourced mixture by adding the third group with Yumin or Amur River ancestry (AR14K and ARpost9K) in comparison to nEA (Miaozigou_MN, WLR_MN and AR-related such as AR14K, AR19K, ARpost9K and DevilsCave_N), outside East Asian (outEA = Shamanka_EN, Lokomotiv_EN and Loschbour), steppe-related (Mongolia_N_East, Mongolia_N_North and Yumin) and Tibetans (Shannan2k and Zongri5.1k). The ancestral component selection is mainly based on the valid models from the qpAdm analysis. For the proportional simulation of the ternary simulated population, we first use the admixed population from YR and Coastal_nEA_EN/ARpost9K as the first admixed component, varying proportionally from 0% to 100%, and then add the second component of ARpost9K, Yumin or WLR_MN proportionally from 0% to 100%. The ranges of proportion thresholds that marked a plausible range of the second or third admixed ancestry are estimated by qpAdm modelling (Supplementary Table 6) with the source proportion ± standard error rate. The past models of admixed ancestries of Wuzhuangguoliang could be explained by Wuzhuangguoliang harbouring an ancestry that contains more affinity with Neolithic Shandong, Amur River, West Liao River or Tibetan ancestries. Although none of the specific nEA groups served as a good proxy for this unknown ancestry because adding them as the second or third source was still insufficient to model Wuzhuangguoliang ancestry (Supplementary Figs. 12–15).
Demographic modelling with qpGraph
We applied qpGraph and findGraphs functions from AdmixTools and AdmixTools2 packages79, respectively. First, we followed a general approach for modelling admixture graphs using qpGraph (v.6065) in the AdmixTools package, which started with a basic and well-understood tree (including the central African Mbuti as an outgroup, the early western Eurasian UstIshi and early East Asian Tianyuan). We then added extra populations (sEastAsia_EN, YR_MN, Wuzhuangguoliang, Shimao_HJGD1, Yumin, Wuzhuangguoliang_o and Xinhua_o) one at a time in their best-fitting positions iteratively32. An optimum tree model could be constructed based on the observed f statistics (f2, f3 and f4 for all possible pairs of populations). We required a |Z| score of less than 3 between the observed and expected values (determined by the block Jackknife) to accept the model. A small number (0.0001) was added to the diagonal entries of the estimated covariance matrix of the f statistics (Q matrix) to stabilize the matrix inversion. The qpGraph program was run with the following recommended parameters80: ‘outpop: Mbuti, blgsize: 0.05, lsqmode: YES, diag: 0.0001, hires: YES, initmix: 1000, precision: 0.0001, zthresh: 0, terse: NO, useallsnps: NO’. To not miss any unexplored graph models, we first carried out fully automated graph exploration using findGraphs tools, allowing 0 to 8 admixture events to occur in 100 algorithm iterations (Stop_gen = 100). Next, we constrained deeply diverged populations (Mbuti, Tianyuan, sEastAsia_EN, Ust-Ishim), assuming they are non-admixed with 100 algorithm iterations, setting admixture events from 0 to 3. Here sEastAsia_EN, including Qihe2 and Liangdao2, and all the denoted populations are similar to the admixture graph by qpGraph in AdmixTools. Graphs of best-fitting models are listed in Fig. 2 and Supplementary Figs. 8 and 9.
Treemix analysis
The phylogenetic relationships among populations were estimated using Treemix v.1.13 (ref. 81). The dataset for the Treemix analysis included the newly sequenced cohort including five groups based on their genetic and spatiotemporal characteristics: preShimao_5k, Shimao_4k, Taosi_4k, Shimao_4k_o and preShimao_5k_o (denoted in Supplementary Table 1) and previously published cohorts including DevilsCave_N, WLR_MN, WLR_LN, Coastal_nEastAsia_EN, Yumin, AR19K, sEastAsia_LN, sEastAsia_EN, Tianyuan, Yana and Ustlshim. The maximum likelihood tree was rooted by Mbuti (-root Mbuti) and linkage disequilibrium was compensated for by grouping sites in blocks of 500 SNPs (-k 500). A round of global rearrangements and no sample size correction were used with the parameters ‘-global -noss’, allowing 0 to 7 migration events (-m 0–7). For m = 2, we ran 1,000 bootstraps for the maximum likelihood tree (-bootstrap), then assessed 1,000 bootstrapped trees in phylip, using the consense command82 to count the number of times a particular branch or populations clustered for maximum likelihood tree with migration. Results are shown in Fig. 2. The inferred maximum likelihood trees with migrations from 0 to 7 and the corresponding residuals (Supplementary Fig. 6) were visualized with an R script from Treemix v.1.13.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The raw sequencing reads, aligned BAM files and genotypes for the newly sequenced individuals are available through the Genome Sequence Archive83 in the National Genomics Data Center84 at https://ngdc.cncb.ac.cn/gsa-human/ (accession no. PRJCA028402), and the pseudo-haploid genotyped data (Eigenstrat format) are available through OMIX, from the China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences at https://ngdc.cncb.ac.cn/omix/ (accession no. PRJCA028402). Mitochondrial DNA sequences (FASTA format) have been deposited in GenBase85 in the National Genomics Data Center84 available at https://ngdc.cncb.ac.cn/genbase (accession no. PRJCA028402), Beijing Institute of Genomics, Chinese Academy of Sciences/China National Center for Bioinformation or published in ref. 27 and available at https://bigd.big.ac.cn/gwh/ (accession no. PRJCA009290). All software used is available online with open access. Human reference genome hg19 is available through the National Center for Biotechnology Information under accession number PRJNA31257. The previously reported ancient DNA datasets used in this study are available through the Allen Ancient DNA Resource v.62.0 at https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/FFIDCW. The worldwide base maps of land, ocean and rivers are available through WorldClim2 (ref. 46) and Natural Earth at https://www.naturalearthdata.com/.
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Extended data figures and tables
Extended Data Fig. 1 Genomic clustering of ancient Eurasian populations based on outgroup-f3 statistics.
Populations with red font are new samples from this study.
Extended Data Fig. 2 Admixture plot with worldwide modern populations.
Admixture plots with K = 2-10 and 10 replicates, the left color bar indicates the genetic populations listed at right in different colors.
Extended Data Fig. 3 Kinship practices and the IBD sharing between Shimao and Taosi culture-related populations.
a, Diagram of kinship connections inferred by READ and single IBD sharing across sites. b, Correlations between geo-distance and the kinship relations (here, Normalized P0 is used as the proxy) across sites. Here, only shared long IBD segments were plotted, which were defined by a single IBD of more than 25 cM between individuals from Shimao_HCT and Shimao_HYW/Shimao_HJGD sites with both average coverages >1x. If the average coverage of either individual was lower than 1x, such as the individual pairs (n = 2) of Zhoujiazhuang and Shimao_HJGD, we denoted those connections as “low confidence”. These should be considered less reliable given the high false-positive rate shown for lower coverage data. Other individual pairs of IBD that potentially indicate third- to fifth-degree kinships are shown in Supplementary Table 12. Map in a reproduced with permission from Shaanxi Academy of Archaeology7.
Extended Data Fig. 4 IBD sharing among groups with low to high status.
Here, the proportion of individual pairs (coverage of both individuals more than 1x) that shared at least one IBD segment larger than 12 cM (a) or 8 cM (b) in each site and different social status (c and d). Individuals without clear status information were grouped as not recorded (“NR”). No significant differences in IBD sharing were found between different social status (tomb owners or sacrificed victims).
Extended Data Fig. 5 Run of homozygous (ROH) length distribution and karyotype plot for three individuals.
a, ROHs for all the individuals of high coverage (SNPs > 400,000) exhibited ROHs > 4 cM at each site. Individuals are sorted by sites, and colored bars within the histogram represent the sum of ROHs in different length categories. b, ROH length distribution and karyotype of three individuals with relatively longer ROHs to further infer the possible relationships between their parents.
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Abstract
In human neuroimaging, brain atlases are essential for segmenting regions of interest (ROIs) and comparing subjects in a common coordinate frame. State-of-the-art atlases derived from histology1,2,3 provide exquisite three-dimensional cytoarchitectural maps but lack probabilistic labels throughout the whole brain: that is, the likelihood of each location belonging to a given ROI. Here we present NextBrain, a probabilistic histological atlas of the whole human brain. We developed artificial intelligence-enabled methods to align roughly 10,000 histological sections from five whole brain hemispheres into three-dimensional volumes and to produce delineations for 333 ROIs on these sections. We also created a companion Bayesian tool for automatic segmentation of these ROIs in magnetic resonance imaging (MRI) scans. We showcase two applications of the atlas: segmentation of ultra-high-resolution ex vivo MRI and volumetric analysis of Alzheimer’s disease using in vivo MRI. We publicly release raw and aligned data, an online visualization tool, the atlas, the segmentation tool, and ground truth delineations for a high-resolution ex vivo hemisphere used in validation. By enabling researchers worldwide to automatically analyse brain MRIs at a higher level of granularity, NextBrain holds promise to increase the specificity of findings and accelerate our quest to understand the human brain in health and disease.
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MRI enables three-dimensional (3D) imaging of the human brain in vivo with millimetre resolution. Neuroimaging packages like FreeSurfer4, FSL5 and SPM6 enable large-scale studies with thousands of MRI scans. A core component of these packages is digital atlases: reference 3D brain images that comprise image intensities, neuroanatomical labels or both. (We note that the cerebral cortex is often modelled with specific atlases defined on surface coordinate systems rather than 3D images.) Atlases enable comparison of different subjects in a common coordinate frame (CCF). When they include neuroanatomical labels, atlases also provide previous spatial information for analyses such as automated image segmentation7.
Most volumetric atlases are built by averaging in vivo MRI scans from many subjects. However, their resolution (roughly 1 mm) is insufficient to study brain subregions with different function and connectivity8. Ex vivo MRI yields roughly 100-μm resolution9,10,11,12 but still fails to visualize cytoarchitecture. Histology is a microscopic modality that addresses this issue. Earlier versions of histological atlases were printed and comprised a small number of sections13. Subsequent efforts combined serial histology with image registration to produce 3D histological atlases14. These were mapped to in vivo scans of living subjects by means of intermediate 3D MRI templates (for example, the Montreal Neurological Institute (MNI) atlas15) or directly with Bayesian methods.
Earlier 3D histological atlases modelled only one brain region (for example, thalamus, basal ganglia16,17,18). More recent efforts targeted the whole brain. BigBrain1 comprises more than 7,000 histological sections of a single brain, but without labels. Its follow-up, Julich-Brain2, aggregates data from 23 individuals, with community-sourced labels for 248 cytoarchitectonic areas mapped to MNI space—albeit with limited accuracy and only partial subcortical labelling19. The Allen reference brain3 has comprehensive anatomical annotations but only on a sparse set of sections of a single specimen. The Allen MNI template is labelling of the MNI atlas with the Allen anatomical protocol, but with a fraction of the labels and less accurate delineations owing to limited resolution and contrast. The Ahead brains20 comprise quantitative MRI and registered 3D histology for two separate specimens, but labels are available for only a few dozen structures and are automated rather than manual. Further details on these atlases can be found in the ‘Extended Introduction’ in the Supplementary Information.
Although existing histological atlases provide exquisite 3D cytoarchitectural maps and some degree of MRI–histology integration, there are at present neither (1) datasets with densely labelled 3D histology of the whole brain nor (2) probabilistic atlases built from such datasets, which would enable analyses such as Bayesian segmentation or CCF mapping of the whole brain.
To address these issues, we present NextBrain, a densely labelled probabilistic atlas of the human brain built from histology images. We used custom artificial-intelligence-enabled registration and segmentation methods to assemble 3D reconstructions of multimodal serial histology of five human half brains, semi-automatically segment them into 333 ROIs and average the labels into the probabilistic atlas. NextBrain is open source and includes the atlas, a companion Bayesian segmentation method, the data (with an online visualization tool) and ground truth delineations for a 100-μm isotropic ex vivo scan12.
Densely labelled 3D histology of five human hemispheres
The NextBrain workflow is summarized in Fig. 1 and detailed in Methods. The first result of the pipeline (Fig. 1a–g) is a multimodal dataset with human hemispheres from five donors (three right, two left), including half cerebellum and brainstem. Each of the five cases comprises accurately aligned high-resolution ex vivo MRI, serial histology with hematoxylin and eosin (H&E) and Luxol fast blue (LFB) stains, and dense ground truth segmentations of 333 cortical and subcortical brain ROIs.
Fig. 1: NextBrain workflow.

a, Photograph of formalin-fixed hemisphere (lateral view). b, High-resolution (400 μm) ex vivo MRI scan, FreeSurfer segmentation and extracted pial surface (parcellated with FreeSurfer). Left, sagittal slice of MRI. Centre, corresponding FreeSurfer segmentation. Right, 3D rendering of reconstructed and parcellated pial surface. c, Tissue slabs and blocks, before and after paraffin embedding. Left, blocked coronal slice of the cerebrum. Right, blockface photo of a cerebral block. d, Histology: coronal section of cerebrum stained with LFB (left) and H&E (right). e, Artificial-intelligence-assisted labelling of 333 ROIs on LFB. Left, cerebrum; centre, brainstem; right, cerebellum28. f, Initialization of affine alignment of tissue blocks using a custom registration algorithm that minimizes overlap and gaps between blocks. g, Refinement of registration with histology and nonlinear transform24,25. Reconstructed coronal slice of LFB (left), H&E (middle) and labels (right), overlaid on MRI, after nonlinear registration with artificial intelligence and robust Bayesian refinement. h, Orthogonal slices of our 3D probabilistic atlas. Left, sagittal; middle, coronal; right, axial. Each voxel is painted with a linear combination the colours of each label, multiplied by their probabilities. i, Automated Bayesian segmentation of an in vivo scan into 333 ROIs using the atlas. The atlas can also be used for segmenting ex vivo MRI and as CCF for population analyses.
Aligning the histology of a case is analogous to solving a 2,000-piece jigsaw puzzle in 3D, with the ex vivo MRI as reference (similar to the image on the box cover), and with pieces that are deformed by sectioning and mounting on glass slides—with occasional tissue folding or tearing. This problem falls out of the scope of existing intermodality registration techniques21, including slice-to-volume22 and 3D histology reconstruction methods14, which do not have to address the joint constraints of thousands of sections acquired in non-parallel planes as part of different blocks.
Instead, we solve this challenging problem with a custom, state-of-the-art image registration framework (Fig. 2), which includes three components specifically developed for this project: (1) a differentiable regularizer that minimizes overlap of different blocks and gaps in between23, (2) an artificial intelligence registration method that uses contrastive learning to provide highly accurate alignment of corresponding brain tissue across MRI and histology24 and (3) a Bayesian refinement technique based on Lie algebra that guarantees the 3D smoothness of the reconstruction across modalities, even in the presence of outliers due to tissue folding and tearing25. We note that this is an evolution of our previously presented pipeline26, which incorporates the aforementioned contrastive artificial intelligence method and jointly optimizes the affine and nonlinear transforms to achieve a 32% reduction in registration error (details below).
Fig. 2: 3D histology reconstruction of Case 1.

a, Coronal slice of 3D reconstruction; boundaries between blocks are noticeable from uneven staining. Joint registration minimizes overlap and and gaps between blocks (this reconstructed slice comprises four different blocks). b, Accurate intermodality registration with artificial intelligence techniques. Registered MRI, LFB and H&E histology of a block, with tissue boundaries (traced on LFB) overlaid. c, Orthogonal view of reconstruction, which is smooth thanks to the Bayesian refinement and avoids gaps and overlaps thanks to the regularizer. d, Visualization of 3D landmark registration errors for Case 1. Left, visualization of landmarks. Right, histogram, mean and s.d. of error magnitude for this case, compared with our previous pipeline. Error (mean ± s.d.): 1.27 ± 0.59 mm. Error26: 1.42 ± 0.72 mm. See Table 1 and Extended Data Figs. 1, 2, 3 and 4 for results on the other cases.
Qualitatively, it is apparent from Fig. 2 that a very high level of accuracy is achieved for the spatial alignment, despite the non-parallel sections and distortions in the raw data. The regularizer effectively aligns the block boundaries in 3D without gaps or overlap (Fig. 2a–c), with minor discontinuities across blocks (for example, in the temporal lobe). When the segmentations of different blocks are combined (Fig. 2a, right), the result is a smooth mosaic of ROI labels.
The artificial-intelligence-enabled registration across MRI and histological stains is exemplified in Fig. 2b. Overlaying the main ROI contours on the different modalities shows the highly accurate alignment of the three modalities (MRI, H&E, LFB) even in convoluted regions of the cortex and the basal ganglia. The mosaic of modalities also highlights the accurate alignment at the substructural level: for example, subregions of the hippocampus.
Figure 2c shows the 3D reconstruction in orientations orthogonal to the main plane of sectioning (coronal). This illustrates not only the lack of gaps and overlaps between blocks but also the smoothness that is achieved within blocks. This is thanks to the Bayesian refinement algorithm, which combines the best features of methods that (1) align each section independently (high fidelity to the reference, but jagged reconstructions) and (2) those that align sections to their neighbours (smooth reconstructions, but with a ‘banana effect’: that is, straightening of curved structures).
To quantitatively evaluate the 3D reconstruction accuracy, we used 250 manually placed pairs of landmarks to compute registration errors (50 landmarks per case); landmarks are known to be a better proxy for registration error than similarity of label overlap metrics27. Table 1 displays means and standard deviations of the registration error for each of the five cases, comparing our method with our previous pipeline26. Histograms and 3D visualizations of the errors for individual cases can be found in Fig. 2d and in Extended Data Figs. 1d, 2d, 3d and 4d. Our method yields an average error of 0.99 mm (s.d., 0.51 mm; standard error, 0.03 mm), which is a considerable reduction with respect to ref. 26, which yielded 1.44 mm (s.d., 0.58 mm; standard error, 0.04 mm). The difference between the two methods is strongly significant: P values computed with a non-parametric paired Wilcoxon test were under 0.001 for all cases, and the P value for all 250 landmarks was P < 10−21; see details in Table 1. The spatial distribution of the error is further visualized with kernel regression in Extended Data Fig. 5, which shows that this distribution is fairly uniform: that is, there is no obvious consistent pattern across cases.
Table 1 3D registration errors (in millimetres) for our method versus ref. 26
Our pipeline is widely applicable as it produces accurate 3D reconstructions from blocked tissue in standard-sized cassettes, sectioned with a standard microtome. The computer code and aligned dataset are freely available in our public repository. For educational and data inspection purposes, we have built an online visualization tool for the multimodality data, which is available at https://github-pages.ucl.ac.uk/BrainAtlas.
Supplementary Video 1 illustrates the aligned data, which include (1) MRI at 400-μm isotropic resolution, (2) aligned H&E and LFB histology digitized at 4-μm resolution (with 250-μm or 500-μm spacing, depending on the brain location) and (3) ROI segmentations, obtained with a semi-automated artificial intelligence method28. The ROIs comprise 34 cortical labels (following the Desikan–Killiany atlas29) and 299 subcortical labels (following different atlases for different brain regions; Methods and Supplementary Information). This public dataset enables researchers worldwide to conduct their own studies not only in 3D histology reconstruction but also other fields, such as high-resolution segmentation of MRI or histology30, MRI-to-histology and histological stain-to-stain image translation31, deriving MRI signal models from histology32 and many others.
A next-generation probabilistic atlas of the human brain
The labels from the five human hemispheres were coregistered and merged into a probabilistic atlas. This was achieved with a method that alternately registers the volumes to the estimate of the template and updates the template by means of averaging33. The registration method is diffeomorphic34 to ensure preservation of the neuroanatomic topology (for example, ROIs do not split or disappear in the deformation process). Crucially, we use an initialization based on the MNI template, which serves two important purposes: preventing biases towards any of the cases (which would happen if we initialized with one of them) and ‘centring’ our atlas on a well-established CCF computed from 305 subjects, which largely mitigates our relatively low number of cases. Because the MNI template is a greyscale volume, the first iteration of atlas building uses registrations computed with the ex vivo MRI scans. Subsequent iterations register labels directly with a metric based on the probability of the discrete labels according to the atlas33.
Figure 3 shows close-ups of orthogonal slices of the atlas, which model voxel-wide probabilities for the 333 ROIs on a 0.2-mm isotropic grid. The resolution and detail of the atlas represent a substantial advance with respect to the SAMSEG atlas35 now in FreeSurfer (Fig. 3a). SAMSEG models 13 brain ROIs at 1-mm resolution and is a highly detailed probabilistic atlas that covers all brain regions. The figure also shows roughly corresponding slices of the manual labelling of the MNI atlas with the simplified Allen protocol3. Compared with NextBrain, this labelling is not probabilistic and does not include many histological boundaries that are invisible on the MNI template (for example, hippocampal subregions, in violet). For this reason, it only has 138 ROIs—whereas NextBrain has 333.
Fig. 3: NextBrain probabilistic atlas.

a, Comparison with whole brain atlases. Portions of the NextBrain probabilistic atlas (which has 333 ROIs), the SAMSEG atlas in FreeSurfer35 (13 ROIs) and the manual labels of MNI based on the Allen atlas3 (138 ROIs). b, Close-up of three orthogonal slices of NextBrain. The colour coding follows the convention of the Allen atlas3, where the hue indicates the structure (for example, purple is thalamus, violet is hippocampus, green is amygdala) and the saturation is proportional to neuronal density. The colour of each voxel is a weighted sum of the colour corresponding to the ROIs, weighted by the corresponding probabilities at that voxel. The red lines separate ROIs on the basis of the most probable label at each voxel, thus highlighting boundaries between ROIs of similar colour; we note that the jagged boundaries are a common discretization artefact of probabilistic atlases in regions where two or more labels mix continuously: for example, the two layers of the cerebellar cortex.
A comparison between labelled sections of the printed atlas by ref. 13 and roughly equivalent sections of the Allen reference brain and NextBrain is included in the Supplementary Information. The agreement between the three atlases is generally good, especially for the outer boundaries of the whole structures: for example, the whole hippocampus, amygdala or thalamus. Mild differences can be found in the delineation of substructures, both cortical and subcortical (for example, subdivision of the accumbens), mainly due to (1) the forced choice of applying arbitrary anatomical criteria in both atlases because of lack of contrast in smaller regions, (2) different anatomical definitions and (3) the probabilistic nature of NextBrain. We emphasize that these differences are not exclusive to NextBrain, as they are also present between Mai–Paxinos and Allen.
Close-ups of NextBrain slices centred on representative brain regions are shown in Fig. 3b, with boundaries between the ROIs (computed from the maximum likelihood segmentation) overlaid in red. These highlight the anatomical granularity of the new atlas, with dozens of subregions for areas such as the thalamus, hippocampus, amygdala, midbrain and so on. An overview of the complete atlas is shown in Supplementary Video 2, which illustrates the atlas construction procedure and flies through all the slices in axial, coronal and sagittal view.
The probabilistic atlas is freely available as part of our segmentation module distributed with FreeSurfer. The maximum likelihood and colour-coded probabilistic maps (as in Fig. 3) can also be downloaded separately from our public repository for quick inspection and educational purposes. Developers of neuroimaging methods can freely capitalize on this resource, for example, by extending the atlas through combination with other atlases or manually tracing new labels; or by designing their own segmentation methods using the atlas. Neuroimaging researchers can use the atlas for fine-grained automated segmentation (as shown below) or as a highly detailed CCF for population analyses.
Segmentation of ultra-high-resolution ex vivo MRI
One of the new analyses that NextBrain enables is the automated fine-grained segmentation of ultra-high-resolution ex vivo MRI. Because motion is not a factor in ex vivo imaging, very long MRI scanning times can be used to acquire data at resolutions that are infeasible in vivo. One example is the publicly available 100-μm isotropic whole brain presented in ref. 12, which was acquired in a 100-hour session on a 7-T MRI scanner. Such datasets have huge potential in mesoscopic studies connecting microscopy with in vivo imaging36.
Volumetric segmentation of ultra-high-resolution ex vivo MRI can be highly advantageous in neuroimaging in two different manners: first, by supplementing such scans (like the 100-micron brain) with neuroanatomical information that augments their value as atlases (for example, as CCFs or for segmentation purposes37); and second, by enabling analyses of ex vivo MRI datasets at scale (for example, volumetry or shape analysis).
Dense manual segmentation of these datasets is practically infeasible, as it entails manually tracing ROIs on over 1,000 slices. Moreover, one typically seeks to label these images at a higher level of detail than in vivo (that is, more ROIs of smaller sizes), which exacerbates the problem. One may use semi-automated methods like the artificial-intelligence-assisted technique we used in to build NextBrain (see the previous section), which limits the manual segmentation to one every N slices28 (N = 4 in this work). However, such a strategy only ameliorates the problem to a certain degree, as tedious manual segmentation is still required for a significant fraction of slices.
A more appealing alternative is thus automated segmentation. However, existing approaches have limitations, as they either (1) were designed for 1-mm in vivo scans and do not capitalize on the increased resolution of ex vivo MRI18,35 or (2) use neural networks trained with ex vivo scans but with a limited number of ROIs because of the immense labelling effort that is required to generate the training data30.
This limitation is circumvented by NextBrain: as a probabilistic atlas of neuroanatomy, it can be combined with well-established Bayesian segmentation methods (which are adaptive to MRI contrast) to segment ultra-high-resolution ex vivo MRI scans into 333 ROIs. We have released in FreeSurfer an implementation that segments full brain scans in about 1 h, using a desktop equipped with a graphics processing unit.
To quantitatively evaluate the segmentation method, we have created a gold standard segmentation of the public 100-micron brain12, which we are publicly releasing as part of NextBrain. To make this burdensome task practical and feasible, we simplified it in five manners: (1) downsampling the data to 200-μm resolution, (2) labelling only one hemisphere, (3) using the same semi-automated artificial intelligence method as in NextBrain for faster segmentation, (4) using FreeSurfer to automatically subdivide the cerebral cortex and (5) labelling only a subset of 98 visible ROIs (Supplementary Videos 3 and 4). Even with these simplifications, labelling the scan took more than 100 h of manual tracing effort.
We compared the gold standard labels with the automated segmentations produced by NextBrain using Dice overlap scores. Because the gold standard has fewer ROIs (particularly in the brainstem), we (1) clustered the ROIs in the automated segmentation that correspond with the ROIs in the gold standard and (2) used a version of NextBrain in which the brainstem ROIs are simplified to better match those of the gold standard (with 264 labels instead of 333). The results are shown in Extended Data Table 1. As expected, there is a clear link between size and Dice. Larger ROIs like the cerebral white matter or cortex have Dice around 0.9. The smaller ROIs have lower Dice, but very few are below 0.4—which is enough to localize ROIs. We note that the median Dice (0.667) is comparable with that reported by other Bayesian segmentation methods for brain subregions38.
Sample slices and their corresponding automated and manual segmentations are shown in Fig. 4. The exquisite resolution and contrast of the dataset enables our atlas to accurately delineate a large number of ROIs with very different sizes, including small nuclei and subregions of the hippocampus, amygdala, thalamus, hypothalamus, midbrain and so on. Differences in label granularity aside, the consistency between the automated and gold standard segmentation is qualitatively very strong.
Fig. 4: NextBrain segmentation of ultra-high-resolution MRI.

Automated Bayesian segmentation of publicly available ultra-high-resolution ex vivo brain MRI12 using the simplified version of NextBrain, and comparison with the gold standard (only available for the right hemisphere). We show two coronal, sagittal and axial slices. The MRI was resampled to 200-μm isotropic resolution for processing. As in previous figures, the segmentation uses the Allen colour map3 with boundaries overlaid in red. We note that the manual segmentation uses a coarser labelling protocol.
This is a highly comprehensive dense segmentation of a human brain MRI scan. As ex vivo datasets with tens of scans become available30,39, https://dandiarchive.org/dandiset/000026, our tool has great potential in augmenting mesoscopic studies of the human brain. Moreover, the labelled MRI that we are releasing has great potential in other neuroimaging studies, for example, for training or evaluating segmentation algorithms; for ROI analysis in the high-resolution ex vivo space; or for volumetric analysis by means of registration-based segmentation.
Fine-grained analysis of in vivo MRI
NextBrain can also be used to automatically segment in vivo MRI scans at the resolution of the atlas (200-μm isotropic), yielding an extremely high level of detail. Scans used in research typically have isotropic resolution with voxel sizes ranging from 0.7 mm to 1.2 mm and therefore do not show all ROI boundaries with as much detail as ultra-high-resolution ex vivo MRI. However, many boundaries are still visible, including the external boundaries of brain structures (hippocampus, thalamus and so on) and some internal boundaries: for example, between the anteromedial and lateral posterior thalamus40. Bayesian segmentation capitalizes on these visible boundaries and combines them with the previous knowledge encoded in the atlas to produce the full subdivision—albeit with lower reliability for the indistinct boundaries10. A sample segmentation is shown in Fig. 1f.
Evaluation of segmentation accuracy
We first evaluated the in vivo segmentation quantitatively in two different experiments. First, we downsampled the ex vivo MRI scan from the previous section to 1-mm isotropic resolution (that is, the standard resolution of in vivo scans), segmented it at 200-μm resolution and computed Dice scores with the high-resolution reference. The results are displayed in Extended Data Table 1. The median Dice is 0.590, which is 0.077 lower than at 200 μm but still fair for such small ROIs38. Moreover, most Dice scores remain over 0.4, as for the ultra-high resolution, hinting that the priors can successfully provide a rough localization of internal boundaries, given the more visible external boundaries.
In a second experiment, we analysed the Dice scores produced by NextBrain in OpenBHB41, a public meta-dataset with roughly 1-mm isotropic T1-weighted scans of more than 3,000 healthy individuals acquired at more than 60 sites. Using FreeSurfer 7.0 as a silver standard, we computed Dice scores for our segmentations at the level of whole regions: that is, the level of granularity provided by FreeSurfer. Although these scores cannot assess segmentation accuracy at the subregion level, they do enable evaluation on a much larger multisite cohort, as well as comparison with the Allen MNI template—the only competing histological (or rather, histology-inspired) atlas that can segment the whole brain in vivo. The results (Extended Data Fig. 6) show that (1) NextBrain consistently outperform the Allen MNI template, as expected from the fact that one atlas is probabilistic whereas the other is not; (2) NextBrain yields Dice scores in the range expected from Bayesian segmentation methods35—despite using only five cases, thanks to the excellent generalization ability of generative models42; and (3) despite being built from a set of older subjects, our mitigation strategy (anchoring NextBrain on MNI and using highly generalizable Bayesian segmentation) enables NextBrain to produce segmentations that are consistently accurate throughout the lifespan, as opposed to the Allen MNI template, which has a strong negative correlation between age and performance: r = −0.274, P < 10−55, compared with NextBrain (r = 0.046, P = 0.009). Please see Extended Data Fig. 6b,c for further details.
Application to Alzheimer’s disease classification
To further compare NextBrain with the Allen MNI template, we used an Alzheimer’s disease classification task based on linear discriminant analysis (LDA) of ROI volumes (corrected by age and intracranial volume). Using a simple linear classifier on a task where strong differences are expected allows us to use classification accuracy as a proxy for the quality of the input features: that is, the ROI volumes derived from the automated segmentations. To enable direct comparison, we used a sample of 383 subjects from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset43 (168 Alzheimer’s disease, 215 controls) that we used in previous publications10,11,40.
Using the ROI volumes estimated by FreeSurfer 7.0 (which do not include subregions) yields an area under the receiver operating characteristic curve (AUROC) equal to 0.911, with classification accuracy of 85.4% at its elbow. The Allen MNI template exploits subregion information to achieve AUROC = 0.929 and 86.9% accuracy. The increased segmentation accuracy and granularity of NextBrain enables it to achieve AUROC = 0.953 and 90.3% accuracy—with a significant increase in AUROC with respect to the Allen MNI template (P = 0.01 for a DeLong test). This AUROC is also higher than those of specific ex vivo atlases we have presented in the previous work10,11,40—which range from 0.830 to 0.931.
Application to fine-grained signature of ageing
We performed Bayesian segmentation with NextBrain on 705 subjects (aged 36–90, mean 59.6 years) from the Ageing HCP dataset44, which comprises high-quality in vivo scans at 0.8-mm resolution. We computed the volumes of the ROIs for every subject, corrected them for total intracranial volume (by division) and sex (by regression) and computed their Spearman correlation with age. We used the Spearman rather than Pearson correlation because, being rank-based, it is a better model for ageing trajectories as they are known to be nonlinear for wide age ranges45,46.
The result of this analysis is a highly comprehensive map of regional ageing of the human brain (Fig. 5a and Extended Data Fig. 7a; see also full trajectories for select ROIs in Extended Data Fig. 8). Cortically, we found significant negative correlations with age in the prefrontal cortex (marked with ‘a’ in Fig. 5a) and insula (b), whereas the temporal (c) and parahippocampal cortices (d) did not yield significant correlation; this is consistent with findings from studies of cortical thickness47,48. The white matter (e) is known to decline steadily after about 35 years45,46, and such negative correlation is also detected by NextBrain. Other general ageing patterns at the whole-structure level45,46 are also successfully captured, such as a steady volume decrease of the caudate, thalamus and putamen (f) and the volumetric reduction of the hippocampus, amygdala and globus pallidus.
Fig. 5: Fine-grained ageing signature using NextBrain.

We report the absolute value of Spearman correlation for ROI volumes versus age derived from in vivo MRI scans. a, Ageing HCP dataset. Image resolution, 0.8-mm isotropic; N, 705; age range, 36–90 years; mean age, 59.6 years; please see main text for meaning of markers (letters). b, OpenBHB dataset41, restricted to subjects with ages over 35 years to match Ageing HCP. Resolution, 1-mm isotropic; N, 431; age range, 36–86 years; mean age, 57.9 years. c, Full OpenBHB dataset. N, 3,220; age range, 6–86 years; mean age, 25.2 years; please note the different scale of the colour bar. The ROI volumes are corrected by intracranial volume (by division) and sex (by regression). Further slices are shown in Extended Data Fig. 6.
Importantly, NextBrain also unveils more granular patterns of the relationship between volumes and ageing in these regions. For example, the anterior caudate (g) showed a stronger negative correlation between age and volume than the posterior caudate (h). Similarly, the external segment of the globus pallidus (i) showed a stronger correlation than the internal segment (j)—an effect that was not observed in previous work studying the whole pallidum49. The ability to investigate separate subregions highlights a differential effect of ageing across brain networks, particularly a stronger effect on the regions of the limbic and prefrontal networks, given the correlations we found in the caudate head (g), insula (b), orbitofrontal cortex (k), amygdala and thalamus50. In the thalamus, the correlation is more significant in the mediodorsal (l), anteroventral (m) and pulvinar subnuclei (n), key regions in the limbic, lateral orbitofrontal and dorsolateral prefrontal circuits. In the hippocampus, subicular regions (o) correlate more strongly than the rest of the structure. The pattern of correlation strength is more homogeneous across subregions in the amygdala (key region in the limbic system), hypothalamus and cerebellum. We then revisited the OpenBHB dataset and performed the same regression analysis only for subjects older than 35 years, to match the age range of the Ageing HCP dataset (N = 431, aged 36–86 years, mean 57.9 years). The results are shown in Fig. 5b and Extended Data Fig. 7b. Despite the differences in acquisition and the huge heterogeneity of the OpenBHB dataset, the results are highly consistent with those from HCP—but with slightly lower significance, possibly owing to the increased voxel size (twice as big, because 1/0.83 ≈ 2).
We also performed the same analysis with all 3,220 subjects in OpenBHB; see the results in Fig. 5c and Extended Data Fig. 7c. For many regions, widening the age range to 6–86 years (mean age 25.2) yields non-monotonic ageing curves and therefore weaker Spearman correlations. Therefore, these graphs highlight the regions whose volumes start decreasing with age the earliest, such as the putamen or medial thalamus. Many other patterns of association between age and ROI volumes remain very similar to those of the older populations (for example, basal ganglia or hippocampus).
The segmentation code is publicly available in FreeSurfer (https://surfer.nmr.mgh.harvard.edu/fswiki/HistoAtlasSegmentation) and can be run with a single line of code. This enables researchers worldwide to analyse their scans at a high level of detail without manual effort or highly specific neuroanatomical knowledge.
Discussion and conclusion
NextBrain is a next-generation probabilistic human brain atlas that is publicly available and distributed with a companion Bayesian segmentation tool and multimodal dataset. The dataset itself is already a highly valuable resource: researchers have free access to both the raw and registered data, which they can use for their own research (for example, in MRI signal modelling or registration) or to augment the atlas with new ROIs (for example, by labelling them on the histology or MRI data and rebuilding the atlas). The atlas itself provides a high-resolution CCF for population analyses. The 3D segmentation of 100-μm ex vivo brain MRI scan12 is a valuable complement to this (already very useful) resource. Finally, the Bayesian tool enables segmentation of ex vivo and in vivo MRI at an unprecedented level of granularity.
NextBrain is customizable and extensible: because all the data and code are publicly available, it is possible to download the data, modify (or extend) the manual annotations and rebuild a custom atlas. NextBrain can be complemented by other segmentation methods and atlases that describe other aspects of the brain. For example, more accurate cortical segmentation and parcellation can be achieved with surface models51. We are at present working on models that combine neural networks with geometry processing to obtain laminar segmentations from in vivo and ex vivo scans52,53. Surface placement will also warrant compatibility with cortical atlases obtained with multimodal data54.
The Bayesian segmentation tool in NextBrain is compatible with 1-mm isotropic scans, as illustrated by the Alzheimer’s and ageing experiments. As with other probabilistic atlases, Bayesian segmentation can be augmented with models of pathology to automatically segment pathology, such as tumours55 or white matter hyperintensities56. Importantly, NextBrain’s high level of detail enables us to fully take advantage of high-resolution data, such as ex vivo MRI, ultra-high-field MRI (for example, 7 T) and exciting new modalities like HiP-CT57. As high-quality 3D brain images become increasingly available, NextBrain’s ability to analyse them with high granularity holds great promise to advance knowledge on the human brain in health and in disease.
Methods
Brain specimens
Hemispheres from five individuals (including half of the cerebrum, cerebellum and brainstem), were used in this study, following informed consent to use the tissue for research and the ethical approval for research by the National Research Ethics Service Committee London - Central. All hemispheres were fixed in 10% neutral buffered formalin (Fig. 1a). The laterality and demographics are summarized in Supplementary Table 1; the donors were neurologically normal, but one case had an undiagnosed, asymptomatic tumour (diameter roughly 10 mm) in the white matter, adjacent to the pars opercularis. This tumour did not pose issues in any of the processing steps described below.
Data acquisition
Our data acquisition pipeline largely leverages our previous work26. We summarize it here for completeness; the reader is referred to the corresponding publication for further details.
MRI scanning
Before dissection, the hemispheres were scanned on a 3-T Siemens MAGNETOM Prisma scanner. The specimens were placed in a container filled with Fluorinert (perfluorocarbon), a proton-free fluid with no MRI signal that yields excellent ex vivo MRI contrast and does not affect downstream histological analysis58. The MRI scans were acquired with a T2-weighted sequence (optimized long echo train 3D fast spin echo59) with the following parameters: TR = 500 ms, TEeff = 69 ms, BW = 558 hertz per pixel, echo spacing = 4.96 ms, echo train length = 58, 10 averages, with 400-μm isotropic resolution, acquisition time for each average = 547 s, total scanning time = 91 min. These scans were processed with a combination of SAMSEG35 and the FreeSurfer 7.0 cortical stream51 to bias-field-correct the images, generate rough subcortical segmentations and obtain white matter and pial surfaces with corresponding parcellations according to the Desikan–Killiany atlas29 (Fig. 1b).
Dissection
After MRI scanning, each hemisphere is dissected to fit into standard 74 mm × 52 mm cassettes. First, each hemisphere was split into cerebrum, cerebellum and brainstem. Using a metal frame as a guide, these were subsequently cut into 10-mm-thick slices in coronal, sagittal and axial orientation, respectively. These slices were photographed inside a rectangular frame of known dimensions for pixel size and perspective correction; we refer to these images as ‘whole slice photographs’. Although the brainstem and cerebellum slices all fit into the cassettes, the cerebrum slices were further cut into as many blocks as needed. ‘Blocked slice photographs’ were also taken for these blocks (Fig. 1c, left).
Tissue processing and sectioning
After standard tissue processing steps, each tissue block was embedded in paraffin wax and sectioned with a sledge microtome at 25-μm thickness. Before each cut, a photograph was taken with a 24 MPx Nikon D5100 camera (ISO = 100, aperture = f/20, shutter speed = automatic) mounted right above the microtome, pointed perpendicularly to the sectioning plane. These photographs (henceforth ‘blockface photographs’) were corrected for pixel size and perspective using fiducial markers. The blockface photographs have poor contrast between grey and white matter (Fig. 1c, right) but also negligible nonlinear geometric distortion, so they can be readily stacked into 3D volumes. A two-dimensional convolutional neural network (CNN) pretrained on the ImageNet dataset60 and fine-tuned on 50 manually labelled examples was used to automatically produce binary tissue masks for the blockface images.
Staining and digitization
We mounted on glass slides and stained two consecutive sections every N (see below), one with H&E and one with LFB (Fig. 1d). The sampling interval was N = 10 (that is, 250 μm) for blocks that included subcortical structures in the cerebrum, medial structures of the cerebellum or brainstem structures. The interval was N = 20 (500 μm) for all other blocks. All stained sections were digitized with a flatbed scanner at 6,400 DPI resolution (pixel size 3.97 μm). Tissue masks were generated using a two-dimensional CNN similar to the one used for blockface photographs (pretrained on ImageNet and fine-tuned on 100 manually labelled examples).
In vivo ADNI data
The in vivo ADNI dataset used in the preparation of this article were obtained from the ADNI database (https://adni.loni.usc.edu/). The ADNI was launched in 2003 as a public–private partnership, led by Principal Investigator M. W. Weiner. The primary goal of ADNI has been to test whether serial MRI, positron emission tomography, other biological markers and clinical and neuropsychological assessments can be combined to measure the progression of mild cognitive impairment and early Alzheimer’s disease. For up-to-date information, see www.adni-info.org.
Dense labelling of histology
Segmentations of 333 ROIs (34 cortical, 299 subcortical) were made by authors E.R., J.A. and E.B. (with guidance from D.K., M.B., Z.J. and J.C.A.) for all the LFB sections, using a combination of manual and automated techniques (Fig. 1e). The general procedure to label each block was (1) produce an accurate segmentation for one of every four sections, (2) run SmartInterpol28 to automatically segment the sections in between and (3) manually correct these automatically segmented sections when needed. SmartInterpol is a dedicated artificial intelligence technique that we have developed specifically to speed up segmentation of histological stacks in this project.
To obtain accurate segmentations on sparse sections, we used two different strategies depending on the brain region. For the blocks containing subcortical or brainstem structures, ROIs were manually traced from scratch using a combination of ITK-SNAP61 and FreeSurfer’s viewer ‘Freeview’. For cerebellum blocks, we first trained a two-dimensional CNN (a U-Net62) on 20 sections on which we had manually labelled the white matter and the molecular and granular layers of the cortex. The CNN was then run on the (sparse) sections and the outputs manually corrected. This procedure saves a substantial amount of time, because manually tracing the convoluted shape of the arbor vitae is extremely time consuming. For the cortical cerebrum blocks, we used a similar strategy as for the cerebellum, labelling the tissue as either white or grey matter. The subdivision of the cortical grey matter into parcels was achieved by taking the nearest neighbouring cortical label from the aligned MRI scan (details on the alignment below).
The manual labelling followed neuroanatomical protocols based on different brain atlases, depending on the brain region. Further details on the specific delineation protocols are provided in the Supplementary Information. The general ontology of the 333 ROIs is based on the Allen reference brain3 and is provide in a spreadsheet as part of the Supplementary Information.
3D histology reconstruction
3D histology reconstruction is the inverse problem of reversing all the distortion that brain tissue undergoes during acquisition, to reassemble a 3D shape that accurately follows the original anatomy. For this purpose, we used a framework with four modules.
Initial blockface alignment
To roughly initialize the 3D reconstruction, we relied on the stacks of blockface photographs. Specifically, we used our previously presented hierarchical joint registration framework23 that seeks to (1) align each block to the MRI with a similarity transform, by maximizing the normalized cross-correlation of their intensities while (2) discouraging overlap between blocks or gaps in between, by means of a differentiable regularizer. The similarity transforms allowed for rigid deformation (rotation, translation), as well as isotropic scaling to model the shrinking due to tissue processing. The registration algorithm was initialized with transforms derived from the whole slice, blocked slice and blockface photographs (see details in ref. 26). The registration was hierarchical in the sense that groups of transforms were forced to share the same parameters in the earlier iterations of the optimization, to reflect our knowledge of the cutting procedure. In the first iterations, we clustered the blocks into three groups: cerebrum, cerebellum and brainstem. In the following iterations, we clustered the cerebral blocks that were cut from the same slice and allowed translations in all directions, in-plane rotation and global scaling. In the final iterations, each block alignment was optimized independently. The numerical optimization used the LBFGS algorithm63. The approximate average error after this procedure was about 2 mm (ref. 23). A sample 3D reconstruction is shown in Fig. 1f.
Refined alignment with preliminary nonlinear model
Once a good initial alignment is available, we can use the LFB sections to refine the registration. These LFB images have exquisite contrast (Fig. 1d) but suffer from nonlinear distortion—rendering the good initialization from the blockface images crucial. The registration procedure was nearly identical to that of the blockface, with two main differences. First, the similarity term used the local (rather than global) normalized cross-correlation function64 to handle uneven staining across sections. Second, the deformation model and optimization hierarchy were slightly different because nonlinear registration benefits from more robust methods. Specifically, the first two levels of optimization were the same, with blocks grouped into cerebrum/cerebellum/brainstem (first level) or cerebral slices (second level) and optimization of similarity transforms. The third level (that is, each block independently) was subdivided into four stages in which we optimized transforms with increasing complexity, such that the solution of every level of complexity served as initialization to the next. In the first and simplest stage, we allowed for translations in all directions, in-plane rotation and global scaling (five parameters per block). In the second stage, we added a different scaling parameter in the normal direction of the block (six parameters per block). In the third stage, we allowed for rotation in all directions (eight parameters per block). In the fourth and final stage, we added to every section in every block a nonlinear field modelled with a grid of control points (10-mm spacing) and interpolating B-splines. This final deformation model has about 100,000 parameters per case (about 100 parameters per section, times about 1,000 LFB sections).
Nonlinear artificial intelligence registration
We seek to produce final nonlinear registrations that are accurate, consistent with each other and robust against tears and folds in the sections. We capitalize on Synth-by-Reg (SbR24), an artificial intelligence tool for multimodal registration that we have recently developed, to register histological sections to MRI slices resampled to the plane of the histology (as estimated by the linear alignment). SbR exploits the facts that (1) intramodality registration is more accurate than intermodality registration with generic metrics like mutual information65,66 and (2) there is a correspondence between histological sections and MRI slices: that is, they represent the same anatomy. In short, SbR trains a CNN to make histological sections look like MRI slices (a task known as style transfer67), using a second CNN that has been previously trained to register MRI slices to each other. The style transfer relies on the fact that only good MRI synthesis will yield a good match when used as input to the second CNN, which enables SbR to outperform unpaired approaches24 such as CycleGAN68. SbR also includes a contrastive loss69 that prevents blurring and content shift due to overfitting. SbR produces highly accurate deformations parameterized as stationary velocity fields (SVFs70).
Bayesian refinement
Running SbR for each stain and section independently (that is, LFB to resampled MRI and H&E to resampled MRI) yields a reconstruction that is jagged and sensitive to folds and tears. One alternative is to register each histological section to each neighbour directly, which achieves smooth reconstructions but incurs the so-called ‘banana effect’: that is, a straightening of curved structures14. We have proposed a Bayesian method that yields smooth reconstructions without the banana effect25. This method follows an overconstrained strategy by computing registrations between LFB and MRI, H&E and MRI, H&E and LFB, each LFB section and the two nearest neighbours in either direction across the stack, each H&E section and its neighbours, and each MRI slice and its neighbours. For a stack with S sections, this procedure yields 15xS-18 registrations, whereas the underlying dimensionality of the spanning tree connecting all the images is just 3xS-1. We use a probabilistic model of SVFs to infer the most likely spanning tree given the computed registrations, which are seen as noisy measurements of combinations of transforms in the spanning tree. The probabilistic model uses a Laplace distribution, which relies on L1 norms and is thus robust to outliers. Moreover, the properties of SVFs enable us to write the optimization problem as a linear program, which we solve with a standard simplex algorithm71. The result of this procedure was a 3D reconstruction that is accurate (it is informed by many registrations), robust and smooth (Figs. 1g and 2).
Atlas construction
The transforms for the LFB sections produced by the 3D reconstructions were applied to the segmentations to bring them into 3D space. Despite the regularizer from ref. 23, minor overlaps and gaps between blocks still occur. The former were resolved by selecting the label that is furthest inside the corresponding ROI. For the latter, we used our previously developed smoothing approach40.
Given the low number of available cases, we combined the left (2) and right (3) hemispheres into a single atlas. This was achieved by flipping the right hemispheres and computing a probabilistic atlas of the left hemisphere using an iterative technique33. To initialize the procedure, we registered the MRI scans to the MNI atlas15 with the right hemisphere masked out and averaged the deformed segmentations to obtain an initial estimate of the probabilistic atlas. This first registration was based on intensities, using a local normalized cross-correlation loss. From that point on, the algorithm operates exclusively on the segmentations.
Every iteration of the atlas construction process comprises two steps. First, the current estimate of the atlas and the segmentations are coregistered one at a time using (1) a diffeomorphic deformation model based on SVFs parameterized by grids of control points and B-splines (as implemented in NiftyReg72), which preserves the topology of the segmentations; (2) a data term, which is the log-likelihood of the label at each voxel according to the probabilities given by the deformed atlas (with a weak Dirichlet prior to prevent logs of zero); and (3) a regularizer based on the bending energy of the field, which encourages regularity in the deformations. The second step of each iteration updates the atlas by averaging the segmentations. The procedure converged (negligible change in the atlas) after five iterations. Slices of the atlas are shown in Figs. 1h and 3.
Bayesian segmentation
Our Bayesian segmentation algorithm builds on well-established methods in the neuroimaging literature18,73,74. In short, the algorithm jointly estimates a set of parameters that best explain the observed image in light of the probabilistic atlas, according to a generative model based on a Gaussian mixture model (GMM) conditioned on the segmentation, combined with a model of bias field. The parameters include the deformation of the probabilistic atlas; a set of coefficients describing the bias field; and the means, variances and weights of the GMM. The atlas deformation is regularized in the same way as the atlas construction (bending energy, in our case) and is estimated by means of numerical optimization with LBFGS. The bias field and GMM parameters are estimated with the Expectation Maximization algorithm75.
Compared with classical Bayesian segmentation methods operating at 1-mm resolution with just a few classes (for example, SAMSEG35, SPM18), our proposed method has several distinct features:
 
	 (1) Because the atlas only describes the left hemisphere, we use a fast deep learning registration method (EasyReg76) to register the input scan to MNI space and use the resulting deformation to split the brain into two hemispheres that are processed independently.

	 (2) Because the atlas only models brain tissue, we run SynthSeg77 on the input scan to mask out the extracerebral tissue.

	 (3) Clustering ROIs into tissue types (rather than letting each ROI have its own Gaussian) is particularly important, given the large number of ROIs (333). The user can specify the clustering by means of a configuration file; by default, our public implementation uses a configuration with 15 tissue types, tailored to in vivo MRI segmentation.

	 (4) The framework is implemented using the PyTorch package, which enables it to run on graphics processing units and curbs segmentation run times to about half an hour per hemisphere.


Sample segmentations with this method can be found in Fig. 1h (in vivo) and Fig. 4 (ex vivo).
Labelling of ultra-high-resolution ex vivo brain MRI
To quantitatively assess the accuracy of our segmentation method on the ultra-high-resolution ex vivo scan, we produced a gold standard segmentation of the publicly available 100-μm scan12 as follows. First, we downsampled the data to 200-μm resolution and discarded the left hemisphere, to alleviate the manual labelling requirements. Next, we used Freeview to manually label from scratch one coronal slice of every ten; we labelled as many regions from the histological protocol as the MRI contrast allowed—without subdividing the cortex. Then, we used SmartInterpol28 to complete the segmentation of the missing slices. Next, we manually corrected the SmartInterpol output as needed, until we were satisfied with the 200-μm isotropic segmentation. The cortex was subdivided using standard FreeSurfer routines. This labelling scheme led to a ground truth segmentation with 98 ROIs, which we have made publicly available. Supplementary Videos 3 and 4 fly over the coronal and axial slices of the labelled scan, respectively.
We used a simplified version of the NextBrain atlas when segmenting the 100-μm scan, to better match the ROIs of the automated segmentation and the ground truth (especially in the brainstem). This version was created by replacing the brainstem labels in the histological 3D reconstruction (Fig. 1g, right) by new segmentations made directly in the underlying MRI scan. These segmentations were made with the same methods as for the 100-μm isotropic scan. The new combined segmentations were used to rebuild the atlas.
Automated segmentation with Allen MNI template
Automated labelling with the Allen MNI template relied on registration-based segmentation with the NiftyReg package34,72, which yields state-of-the-art performance in brain MRI registration78. We used the same deformation model and parameters as the NiftyReg authors used in their own registration-based segmentation work79: (1) symmetric registration with a deformation model parameterized by a grid of control points (spacing 2.5 mm = 5 voxels) and B-spline interpolation; (2) local normalized cross-correlation as objective function (s.d. 2.5 mm); and (3) bending energy regularization (weight 0.001).
LDA for Alzheimer’s disease classification
We performed linear classification of Alzheimer’s disease versus controls based on ROI volumes as follows. Leaving out one subject at a time, we used all other subjects to (1) compute linear regression coefficients to correct for sex and age (intracranial volume was corrected by division); (2) estimate mean vectors for the two classes \(({{\mathbf{\upmu }}}_{0},{{\mathbf{\upmu }}}_{1})\), as well as a pooled covariance matrix (Σ); and (3) use the means and covariance to compute an unbiased log-likehood criterion L for the left-out subject:
$$L({\bf{x}})={({{\mathbf{\upmu }}}_{1}-{{\mathbf{\upmu }}}_{0})}^{t}\,{{\Sigma }}^{-1}[{\bf{x}}-0.5\,({{\mathbf{\upmu }}}_{1}+{{\mathbf{\upmu }}}_{0})],$$
where x is the vector with ICV-, sex- and age-corrected volumes for the left-out subject. Once the criterion L has been computed for all subjects, it can be globally thresholded for accuracy and ROC analysis. We note that, for NextBrain, the high number of ROIs renders the covariance matrix singular. We prevent this by using regularized LDA: we normalize all the ROIs to unit variance and then compute the covariance as \(\Sigma =S+{\rm{\lambda }}I,\) where S is the sample covariance, I is the identity matrix and \({\rm{\lambda }}=1.0\) is a constant. We note that normalizing to unit variance enables us to use a fixed, unit λ—rather than having to estimate λ for every left-out subject.
B-spline fitting of ageing trajectories
To compute the B-spline fits in Extended Data Fig. 8, we first corrected the ROI volumes by sex (using regression) and intracranial volume (by division). Next, we modelled the data with a Laplace distribution, which is robust against outliers which may be caused by potential segmentation mistakes. Specifically, we used an age-dependent Laplacian where the location μ and scale b are both B-splines with four evenly space control points at 30, 51.6, 73.3 and 95 years. The fit is optimized with gradient ascent over the log-likelihood function:
$$L({\theta }_{\mu },{\theta }_{b})=\mathop{\sum }\limits_{n=1}^{N}\mathrm{log}\,{\rm{p}}[{v}_{n};\mu ({a}_{n};{\theta }_{\mu }),b({a}_{n};{\theta }_{b})],$$
where \(p(x;\mu ,b)\) is the Laplace distribution with location μ and scale b; vn is the volume of ROI for subject n; an is the age of subject n; \(\mu ({a}_{{n}};{\theta }_{{\mu }})\) is a B-spline describing the location, parameterized by θμ; and \(b({a}_{n};{\theta }_{b})\) is a B-spline describing the scale, parameterized by θb. The 95% confidence interval of the Laplace distribution is given by μ ± 3b.
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Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The raw data used in this Article (MRI, histology, segmentations and so on) can be downloaded from https://doi.org/10.5522/04/24243835. An online tool to interactively explore the 3D reconstructed data can be found at https://github-pages.ucl.ac.uk/NextBrain. This website also includes links to videos, publications, code and other resources. The segmentation of the ex vivo scan can be found at https://openneuro.org/datasets/ds005422/versions/1.0.1. The databases used in the aging study are freely accessible online: OpenBHB (https://baobablab.github.io/bhb/) and aHCP (https://www.humanconnectome.org/study/hcp-lifespan-aging). The ADNI dataset used in the Alzheimer’s disease study is freely accessible with registration at https://adni.loni.usc.edu/data-samples/adni-data/. The atlases used in the Supplementary Information for comparison can be found online: Mai-Paixinos (https://www.thehumanbrain.info/brain/sections.php) and Allen (https://atlas.brain-map.org/).
Code availability
The code used in this Article for 3D histology reconstruction can be downloaded from https://github.com/acasamitjana/ERC_reconstruction and used and distributed freely. The segmentation tool is provided as Python code and is integrated in our neuroimaging toolkit ‘FreeSurfer’: https://surfer.nmr.mgh.harvard.edu/fswiki/HistoAtlasSegmentation. The source code is available on GitHub: https://github.com/freesurfer/freesurfer/tree/dev/mri_histo_util.
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Extended data figures and tables
Extended Data Fig. 1 3D reconstruction of Case 2.
The visualisation follows the same convention as in Fig. 3: (A) Coronal slice of the 3D reconstruction. (B) Registered MRI, LFB, and H&E histology of a block, with tissue boundaries (traced on LFB) overlaid. (C) Orthogonal view of reconstruction, which is smooth and avoids gaps and overlaps. (D) Visualization of 3D landmark registration errors for this specific case (left); histogram of their magnitude (right); and their mean ± standard deviation (bottom), compared with our previous pipeline (Mancini et al.6).
Extended Data Fig. 2 3D reconstruction of Case 3.
The visualisation follows the same convention as in Fig. 3: (A) Coronal slice of the 3D reconstruction. (B) Registered MRI, LFB, and H&E histology of a block, with tissue boundaries (traced on LFB) overlaid. (C) Orthogonal view of reconstruction, which is smooth and avoids gaps and overlaps. (D) Visualization of 3D landmark registration errors for this specific case (left); histogram of their magnitude (right); and their mean ± standard deviation (bottom), compared with our previous pipeline (Mancini et al.6).
Extended Data Fig. 3 3D reconstruction of Case 4.
The visualisation follows the same convention as in Fig. 3: (A) Coronal slice of the 3D reconstruction. (B) Registered MRI, LFB, and H&E histology of a block, with tissue boundaries (traced on LFB) overlaid. (C) Orthogonal view of reconstruction, which is smooth and avoids gaps and overlaps. (D) Visualization of 3D landmark registration errors for this specific case (left); histogram of their magnitude (right); and their mean ± standard deviation (bottom), compared with our previous pipeline (Mancini et al.6).
Extended Data Fig. 4 3D reconstruction of Case 5.
The visualisation follows the same convention as in Fig. 3: (A) Coronal slice of the 3D reconstruction. (B) Registered MRI, LFB, and H&E histology of a block, with tissue boundaries (traced on LFB) overlaid. (C) Orthogonal view of reconstruction, which is smooth and avoids gaps and overlaps. (D) Visualization of 3D landmark registration errors for this specific case (left); histogram of their magnitude (right); and their mean ± standard deviation (bottom), compared with our previous pipeline (Mancini et al.6).
Extended Data Fig. 5 3D landmark registration error.
Sagittal, coronal, and axial slices of the continuous maps of the 3D landmark registration error. The maps are computed from the discrete landmarks (displayed in Fig. 2d and Extended Data Figs. 1–4d) using Gaussian kernel regression with σ = 10 mm. There is no clear spatial pattern for the anatomical distribution of the error across subjects.
Extended Data Fig. 6 NextBrain superior segmentation performance with respect the Allen MNI template.
Dice scores for automated segmentations computed on the OpenBHB dataset (3,330 subjects), using the Allen MNI template and NextBrain, with FreeSurfer segmentations as reference. The scores are computed at the whole regions level, i.e., the level of granularity at which FreeSurfer segments. (A) Box plots for 11 representative ROIs. On each box, the central mark indicates the median, the edges of the box indicate the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually as ‘+’. The abbreviations for the regions are: WM = white matter of the cerebrum, CT = cortex of the cerebrum, CWM = cerebellar white matter, CCT = cerebellar cortex, TH = thalamus, CA = caudate, PU = putamen, PA = pallidum, BS = brainstem, HP = hippocampus, AM = amygdala. (B) Scatter plot of Dice (averaged across the same 11 ROIs) vs age for the Allen MNI template. There is a clear negative correlation between age and accuracy: (r = −0.274, p = 1.67 × 10−56, two-sided test). (C) Scatter plot for NextBrain, whose accuracy is much more consistent across the lifespan, with almost no correlation with age (r = 0.046, p = 0.009, two-sided test).
Extended Data Fig. 7 Fine-grained ageing signature using NextBrain (additional slices).
We report the absolute value of Spearman correlation for ROI volumes vs age derived from in vivo MRI scans (additional slices). The visualisation follows the same convention as in Fig. 5: (A) Ageing HCP dataset. (B) OpenBHB dataset, restricted to ages over 35. (C) Full OpenBHB dataset.
Extended Data Fig. 8 Ageing trajectories for select ROIs in HCP dataset.
Subregions of brain structures (thalamus, hippocampus, cortex, etc) show differential ageing patterns. The red dots correspond to the ROI volumes of individual subjects, corrected by intracranial volume (by division) and sex (by regression). The blue lines represent the maximum likehood fit of a Laplace distribution with location and scale parameters parametrised by a B-spline with four control points (equally space between 30 and 95 years). The continuous blue line represents the location, whereas the dashed lines represent the 95% confidence interval (equal to three times the scale parameter in either direction of the location). Volumes of contralateral structures are averaged across left and right.
Extended Data Table 1 NextBrain segmentation performance on ultra-high resolution ex vivo MRI scan
Supplementary information
Supplementary Information
Extended introduction and related work.
Reporting Summary
Manual delineation
This file describes the anatomical protocols for manual delineation of brain regions.
Atlas ontology
This file contains the ontology that we used for the regions of interest present in our new atlas.
Comparison Allen Mai Paxinos
This file compares roughly equivalent sections of the Mai–Paxinos atlas of the whole brain13, the Allen reference brain3 and our proposed atlas NextBrain.
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Supplementary Video 1
This video illustrates the aligned MRI scans, histological sections, and manual delineations.
Supplementary Video 2
This video illustrates the atlas construction procedure.
Supplementary Video 3
This video flies over the labelled ex vivo brain (Edlow et al., “7 Tesla MRI of the ex vivo human brain at 100 micron resolution”, Scientific data, 2019) in axial view.
Supplementary Video 4
This video flies over the same specimen, but in coronal view.
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Abstract
Florigen, encoded by FT genes, is synthesized in leaves and transported to the shoot apical meristem (SAM) to induce flower development1,2,3. At the SAM, 14-3-3 proteins are proposed to act as receptors for FT protein and to mediate the indirect interaction between FT and the basic leucine zipper (bZIP) transcription factor FD to form the florigen activation complex (FAC) that activates transcription of flowering genes4,5,6. Here we demonstrate a different mechanism of FAC assembly, diverse functions for the 14-3-3 proteins within the complex, and an unexpected spatiotemporal distribution of the FAC. We show that FT is not recruited by 14-3-3 alone, but that it interacts with the DNA–FD–14-3-3 complex through two interfaces, one of which binds DNA via the unstructured C terminus of FT. We also find that interaction of 14-3-3 proteins with the C terminus of phosphorylated FD reduces liquid phase condensation of the intrinsically disordered FD protein, allowing it to bind DNA, and that the 14-3-3 proteins strengthen DNA binding of FD by promoting dimerization, which ultimately results in the recruitment of FT. Unexpectedly, we also find that after FT movement to the shoot apex, FT and FD are co-transcribed in young floral primordia, forming a boundary with the suppressed bract and allowing formation of the FAC during the first stages of floral development. Our studies propose a new mechanism by which the florigen FT transcriptional complex is formed, and indicate distinct functions for the complex during SAM and floral primordium development.
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Main
The seasonal cue of day length synchronizes plant developmental programmes to the changing seasons, particularly the initiation of flowering, tuberization in potato and seasonal growth in trees1,7,8,9,10. All of these processes rely on a common regulatory system that initiates synthesis of FLOWERING LOCUS T (FT) proteins in the leaves. FT is related to phosphatidylethanolamine-binding proteins (PEBP) and is transmitted through the phloem vascular system from the leaves to the SAM2,3,11,12,13,14, where it triggers the floral transition by conferring floral identity on primordia2,3,12,13,14. This movement of FT to the SAM led to the proposal that it is a component of the classical flowering hormone florigen. At the SAM of rice, 14-3-3 proteins are proposed to act as receptors for the FT homologue Heading date 3a (Hd3a), yielding a complex that is transported into the nucleus where it binds to a highly conserved bZIP transcription factor FD4,5,6. The resultant complex containing FT, 14-3-3 and FD is referred to as the FAC, which relies on FD to recognize genomic binding sites5,6,15,16,17, whereas the recruitment of FT activates the transcription of genes that promote flowering4,18,19. By contrast, recruitment of the anti-florigen TERMINAL FLOWER 1 (TFL1), a homologue of FT, to 14-3-3 proteins and FD forms the florigen repression complex (FRC), inhibiting transcription of FD target genes and delaying flowering17,20. The 14-3-3 proteins are highly conserved in eukaryotes, and interact with phosphorylated residues in a broad range of protein clients21,22,23,24. Of note, they were recently proposed to act as chaperone-like proteins that can suppress the phase separation of client proteins in human cells21. However, the relevance of this observation for their role as FT receptors in mediating the formation of the FAC is unknown. Notably, despite FT protein movement having been established some time ago, the spatiotemporal accumulation of FT at the SAM relative to other FAC components, particularly when expressed from their endogenous regulatory sequences, remains unclear2,3,4,13,14. Here, we provide a biochemical and cellular model for how FAC components cooperate to regulate activity of the complex and induce flowering.

FT–FD co-transcription in floral primordia
To follow the distribution of FT, a functional gFT::FT-mVenus genomic fusion containing the entire upstream, coding and downstream regulatory regions was introduced into ft-10 mutants (Extended Data Fig. 1a–c, Supplementary Table 1 and Methods). FT–mVenus accumulation was first observed in the minor veins at the tips of cotyledons, and later in the major veins throughout the cotyledons (Extended Data Fig. 1d,e). FT–mVenus signals were found to overlap with the companion cell marker, SUC2::PP2A-mCherry (Extended Data Fig. 1f,g,i), supporting previous findings25. Accordingly, a similar pattern was observed in a gFT::FT-Venus-Halo-Venus line, in which the FT fusion protein is too large to be transported and does not complement ft-10 (Extended Data Fig. 1a–c, j and Supplementary Table 1). Nevertheless, when expressed in the SAM from the FD promoter, this large fusion protein complemented ft-10, indicating that it retains FT function (Extended Data Fig. 1b,c). These observations support the idea that FT synthesis takes place in companion cells in the minor and major veins, and that movement between cells is required for its activity. Subsequently, SUC2::PP2A–mCherry signal was detected at the end of the vasculature close to the SAM at 10 long-day (LD; 16 h light:8 h dark) cycles, and FT–mVenus was also detected in those cells, but in addition extended beyond the end of the vasculature towards young primordia and the SAM (Extended Data Fig. 1h). The signal beyond the vasculature represents movement of FT–mVenus, and at least some of the FT–mVenus signal at the junction of the vasculature and provasculature at the shoot apex also represents transported protein. The presence of FT at these locations at 10 LD coincides with the earliest stages of floral transition.
We next compared the spatiotemporal accumulation of FT and the other FAC components in the SAM. 14-3-3 proteins were widely distributed in apical tissue in 14-3-3::mScarlet1-14-3-3 genomic fusion transgenic plants, and therefore their distribution overlaps with FT and FD (Extended Data Fig. 2a–e). To compare the distributions of FT and FD, gFT::mVenus was crossed with a functional gFD::mScarlet1-FD line (Supplementary Table 1). In these plants, FT–mVenus was observed in the provasculature near the shoot apex at 10 LD during the early stages of floral induction, and at 11 LD, 12 LD and 13 LD, the FT–mVenus protein could be observed in the rib region and organizing centre of the SAM (Fig. 1a–i and Supplementary Fig. 1a–p). To quantify the overlap between FT–mVenus and mScarlet1–FD, nuclei expressing mScarlet1–FD were segmented (Fig. 1j and Supplementary Fig. 2) and the intensity of FT–mVenus fluorescence in each of these nuclei was quantified (Fig. 1k and Supplementary Fig. 1q,r). More nuclei expressing both proteins were detected in the rib region, organizing centre, peripheral zone and to a lesser extent in the central zone at 11 LD, 12 LD and 13 LD than at 10 LD (Fig. 1k). Moreover, the intensity of FT–mVenus fluorescence per square micrometre was consistently higher in nuclei expressing mScarlet1-FD at 11 LD, 12 LD and 13 LD than at 10 LD in all meristematic regions (Fig. 1k). Therefore, the FT and FD proteins are present in the same nuclei in the SAM, and broadly overlap with 14-3-3 proteins, allowing the formation of the FAC in the SAM during floral induction.
Fig. 1: Distribution of FT and co-localization with FD at the SAM during floral transition.

a, Schematic depicting the timing of developmental transitions in Arabidopsis. Scale bars, 20 µm (cross-sections; inset) and 1 cm (plant images). b–i, Confocal images of SAM cells co-expressing gFT::FT–mVenus at 10 LD (b), 11 LD (c), 12 LD (d) and 13 LD (e) and gFD::mScarlet1–FD at 10 LD (f), 11 LD (g), 12 LD (h) and 13 LD (i). Insets in h,i show higher magnification of the outlined regions. j,k, Nuclear concentration of FD (j) and FT (k). Nuclear concentration was calculated as the total pixel intensity within a segmented nucleus divided by its area. Measurements were normalized by the maximum FD and FT concentrations among all analysed meristems. Small dots represent FD and FT concentrations in individual nuclei. Large circles denote the median concentration of FD or FT for each SAM at a given time point. Medians were compared across time points (n = 3, 4, 4 and 4 for 10 LD, 11 LD, 12 LD and 13 LD, respectively). Error bars represent the interquartile range for the previous median distribution. Statistical differences in median nuclear concentration between 10 LD and 11 LD, 12 LD, or 13 LD were assessed using the Brunner–Munzel test (α = 0.1), a non-parametric test for median comparison that is robust to small sample sizes, with two-sided pairwise comparisons. CZ, central zone; OC, organizing centre; PZ, peripheral zone; RM, rib meristem. l–o, Confocal images of SAM cells expressing gFT::FT–Venus–Halo–Venus; Col-0 at 12 LD (l), 13 LD (m), 14 LD (n) and 15 LD (o). Arrows in e,n,o indicate FT fluorescent protein signal. b–e,l–o, Cell walls (blue) were stained with Renaissance 2200. b–i,l–o, Scale bars, 20 μm. Confocal images in b–i,l–o are representative of three independent meristems. *P < 0.05; NS, not significant (P ≥ 0.05).
Next, we assessed the accumulation pattern of the immobile gFT::FT-Venus-Halo-Venus signal within the SAM. At early stages the signal was absent in the vasculature at the SAM base (12 LD and 13 LD; Fig. 1l,m), but it was strongly detected on the adaxial side of cauline leaves in the axils of cauline leaves at 14 LD and in primordia of plants at 15 LDs as they initiate floral development (Fig. 1n,o). These findings suggest that FT has two temporally and spatially separated patterns of expression: initially, it is transcribed in leaf vasculature and FT protein moves from leaves to the SAM; subsequently, local FT transcription occurs within primordia.
Accordingly, RNA in situ hybridization detected FT-mVenus mRNA in the same characteristic pattern during floral transition and in older inflorescences (Extended Data Fig. 3a). To simultaneously compare FT mRNA localization in primordia with mRNAs of FD and the anti-florigen TFL1, which acts antagonistically to FT26,27,28, we performed fluorescence-based, multiplexed RNA in situ hybridizations (RNAscope)29. At 10 LD, FT mRNA was not detected at the shoot apex, although FD and TFL1 mRNAs were observed at the SAM (Fig. 2a). However, at 13 LD, as floral transition proceeded, TFL1 mRNA appeared strongly in axillary meristems and FT mRNA appeared nearby on the adaxial side of the cauline leaf (Fig. 2b and Extended Data Fig. 3b). As floral transition proceeded, we analysed the mRNAs in the first visible floral primordium on the flank of the SAM. At 14 LD, FT and FD were co-expressed on the adaxial side of the first floral primordium and TFL1 mRNA was also detected in a similar pattern to FT and FD mRNAs (Fig. 2c,h). At 15 LD, FT mRNA was present in a strip of cells across the primordium, and TFL1 mRNA was still present in the primordium, above the FT-expressing cells (Fig. 2i and Extended Data Fig. 3c). At 16 LD, floral transition was complete, TFL1 mRNA was not detected in the primordium, and FT mRNA was expressed as a boundary across the floral primordium (Fig. 2d,j and Extended Data Fig. 3d,e). At this stage, FD mRNA is also present throughout the primordium. To assess the position of FT mRNA in the floral primordium more accurately, combinations of FT, FD, APETALA1 (AP1) (Fig. 2k,o) and FT, TFL1 and AP1 (Fig. 2m,p) probes were used on 16 LD plants. FT mRNA was present across the base of the domain of expression of AP1 mRNA in the boundary between the floral primordium and the suppressed bract30,31 (Fig. 2k,o,q). Quantification of these images showed that FT mRNA levels are highest in regions corresponding to primordia of the 14 LD and 16 LD apices (130–140 µm from SAM tip at 16 LD). FD mRNA overlapped with FT in these deeper regions at 14 LD and 16 LD (Fig. 2e,f,h,j), and FT mRNA was located below AP1 mRNA in the primordium (Fig. 2l). By contrast, the highest levels of TFL1 mRNA were in the SAM in the mature inflorescence at 16 LD (Fig. 2m), and at 14 LD and 16 LD in deeper tissues corresponding to the axillary meristems (Fig. 2g,n). Similar patterns of endogenous FT mRNA along with FD and TFL1 mRNAs were found in wild-type Col-0 plants (Extended Data Fig. 3f,g). Therefore, as the apex proceeds to floral transition, FT mRNA levels increase, and they accumulate at the boundary of newly formed primordia first on the adaxial side of cauline leaves, then at later nodes on the adaxial side of the floral primordium, and as the domain of AP1 expression expands, FT mRNA is localized at the boundary between the primordium and the suppressed bract (Fig. 2q). Collectively, our protein and mRNA analyses demonstrate that FT is present in the same cells as FD and 14-3-3 proteins at different stages of the flowering process to enable formation of the FAC.
Fig. 2: Distribution of FT mRNA and co-localization with FD and TFL1 mRNA at the SAM before, during and after floral transition.

a–d, Confocal images of SAM cells co-expressing gFT::FT-mVenus transgene, endogenous FD and TFL1, captured by RNAscope at 10 LD (a), 13 LD (b), 14 LD (c) and 16 LD (d). Arrows indicate cells that express FT-mVenus. Probes were used for FT, FD and TFL1 mRNAs. e–g, Spatiotemporal quantification of FT (e), FD (f) and TFL1 (g) mRNA accumulation at the SAM along the longitudinal axis from 10 LD to 16 LD from images represented in a–d. Each point denotes the reporter intensity within a 10 μm³ volume. Intensity profiles are normalized to the peak value measured for each reporter (Methods). h–j, Close-up images of floral primordia cells co-expressing gFT::FT-mVenus and endogenous FD and TFL1 mRNA at 14 LD (h), 15 LD (i) and 16 LD (j); nuclei in i were staind with DAPI. k,m, Confocal images of a shoot apex co-expressing gFT::FT-mVenus and endogenous FD and AP1 (k) and endogenous TFL1 and AP1 (m) at 16 LD. l,n The spatiotemporal accumulation at 16 LD along the longitudinal axis of the SAM of FT, FD and AP1 mRNA signals shown in k is quantified in l, and the FT, FD and AP1 mRNA signals shown in m are quantified in n. o,p, Close-up images of floral primordia cells co-expressing gFT::FT-mVenus and endogenous FD and AP1 (o) and endogenous TFL1 and AP1 (p) at 16 LD in images represented in k,m. q, SAM regions where FT, FD, TFL1 and AP1 mRNAs are transcribed during the initiation of floral transition. a–d,h,j,k,m, Cell walls were stained with Renaissance 2200 (light grey). i, Nuclei were stained with DAPI (light grey). a–d,h–k,m,o,p, Scale bars, 20 μm. RNAscope experiments in a–d,h–k,m,o,p are representative of three independent meristems.
DNA binding by FD−14-3-3 recruits FT
We next analysed FAC biochemistry in vivo by immunoprecipitation–mass spectrometry (IP–MS) and in vitro using proteins purified from Escherichia coli. IP–MS identified ten 14-3-3 proteins as interactors with FD using functional gFD::3HA-mCherry-FD;fd-3 transgenic seedlings32 (Supplementary Table 2). FT was not identified, suggesting that FT interacts only weakly or transiently with the FD−14-3-3 complex or that it is present below the detection threshold of IP–MS. To reconstitute how Arabidopsis 14-3-3 proteins link FD and FT in vitro, we purified recombinant FD, 14-3-3 and FT proteins from E. coli. Efficient phosphorylation of FD did not occur in E. coli cells (Supplementary Table 2), therefore, we purified the maltose-binding protein (MBP)-fused phospho-mimic mutant FD (T282E). Despite the observed interactions between rice Hd3a and 14-3-3 proteins4, gel-filtration analysis detected no direct interaction between FT and Arabidopsis GRF7 (14-3-3ν) (Fig. 3a) or four other 14-3-3 isoforms (Extended Data Fig. 4a–d). Despite the stable formation of the MBP–FD(T282E)−GRF7 complex, no recruitment of FT was detected (Fig. 3b–d). These in vitro results suggest that the interaction between Arabidopsis 14-3-3 and FT is weak or unstable, and that another component might be required for FT recruitment to the complex.
Fig. 3: The critical role of DNA binding in FT recruitment by the FD−14-3-3 complex.

a–e, Size-exclusion chromatography and gel analysis of GRF7 and FT proteins (a), MBP–FD(T282E) (b), MBP–FD(T282E) and GRF7 (c), MBP–FD(T282E), GRF7 and FT (d) and MBP–FD(T282E), GRF7 and FT proteins in the presence of a 24-bp SEP3 DNA fragment (e). mAU, milli-absorbance unit; UV, ultraviolet. f, Modelled structure of the FAC–DNA complex. g, Alignment of FT proteins from Arabidopsis and some major crops, including FT mutations (Mu1 and Mu2). h,i, Size-exclusion chromatography and gel analysis of MBP–FD(T282E), GRF7 and SEP3 DNA with FT(Mu1) (h) or FT(Mu2) (i) proteins. Gel-filtration assays in a–e,h,i are representative of two independent experiments. j, Schematic illustrating the step-by-step assembly of the FAC–DNA complex. FDpT282 is phosphorylated at T282. k,l, Co-immunoprecipitation of purified wild-type and mutant FT–SII proteins with 3HA–mCherry–FD (HAmChe–FD; k) and 2HA–mScarlet1–GRF7 (HAmSca–GRF7; l). HA, haemagglutinin; Strep-IP, immunoprecipitation of Strep tag. m, Purified wild-type FT–SII protein co-immunoprecipitates with 3HA–3Flag–FD (3H3Flag–FD) and 3HA–3Flag–FD(Mu1) (3H3Flag–FD(Mu1))proteins. Co-immunoprecipitation experiments in k–m were performed with nuclear proteins extracted from 12-day-old seedlings grown in long-day conditions and are representative of two independent experiments. n, ChIP–qPCR analysis of purified wild-type and mutant FT–SII proteins binding to the SEP3 promoter in nuclear extracts from 10-day-old gFD::3HA-mCherry-FD; fd-3 seedlings grown in long-day conditions (16 h light, 8 h dark). Statistical significance was determined by pairwise two-sided t-test. Data are mean ± s.e.m. of three biological replicates (n = 3). o, Flowering time (measured as total leaf number) of transgenic ft-10 plants grown in long-day conditions and carrying gFT::FT-ALFA or FD::FT-ALFA with wild-type or mutant FT. Letters indicate significant differences between genotypes (P < 0.05), using one-way ANOVA followed by Tukey’s pairwise multiple comparison. The overall ANOVA result was significant (P = 1.11 × 10–16).
FD guides the FAC to specific genomic binding sites5,6,15,16,17. Therefore, we tested whether the DNA-bound FD−14-3-3 complex can recruit FT. FT recruitment was detected by gel-filtration analysis in the presence of a DNA fragment containing a segment of the SEPALLATA3 (SEP3) promoter, an FD target gene15,16,17, along with MBP–FD(T282E) and GRF7 proteins (Fig. 3e and Extended Data Fig. 4i). We hypothesized that binding of the FD−14-3-3 complex to DNA may create interfaces that are directly recognized by FT, even though FT is not proposed to contact FD and/or DNA in current models of the FAC4. AlphaFold predicted an unstructured C-terminal tail for FT, which is highly conserved among FT homologues4,33 (Fig. 3f,g and Extended Data Fig. 4e). Although this tail was removed for in vitro protein crystallography4,27,34 and is not considered important for FT activity in vivo, overexpression of FT cDNA with random mutations revealed that substituting a glutamic acid for arginine at residue 173 (R173E) in the tail reduced FT activity33. We modelled the FAC–DNA complex, which suggested direct contact between three positively charged arginine residues (R166, R173 and R174) in the FT tail and negatively charged DNA (interface 1; Fig. 3f,g). Mutating all of these residues in FT (Mu1 (R166A/R173A/R174A)) abolished FT recruitment by the DNA−FD−14-3-3 complex in vitro (Fig. 3h). Therefore, the C-terminal tail of FT, which we call interface 1, is involved in FT recruitment to the DNA−FD−14-3-3 complex by directly interacting with DNA. Our model also suggested that the amino acids that are crucial for the interaction between rice Hd3a and 14-3-3 proteins (GF14b and GF14c) are required in FT for assembling the Arabidopsis FAC, and are referred to as interface 2 (Fig. 3f and Extended Data Fig. 4e–g). Mutation of the conserved amino acids in FT (Mu2 (F101A)) or GRF7 (Mu1 (F202A/I206A)) in interface 2 prevented recruitment of FT by the DNA−FD−14-3-3 complex (Fig. 3i and Extended Data Fig. 4h,i). Electrophoretic mobility shift assays (EMSA) validated the new FAC model on SEP3 and another FD target LEAFY, with findings largely consistent with the results from gel filtration (Extended Data Fig. 4j,k and Supplementary information).
Next, the recruitment of wild-type and mutant FT proteins (Mu1 and Mu2) by the DNA−FD−14-3-3 complex was examined using nuclear protein extracts made from gFD::3HA-mCherry-FD; fd-3 seedlings. We co-immunoprecipitated 3HA–mCherry–FD from these extracts with FT–Strep-tag (FT–SII) protein produced in E. coli, but the interaction was reduced when FT(Mu1)–SII or FT(Mu2)–SII proteins were used (Fig. 3k). Similarly, 2HA–mScarlet1–GRF7 was more efficiently co-immunoprecipitated with wild-type FT–SII than with FT(Mu1)–SII or FT(Mu2)–SII in nuclear protein extracts of gGRF7::2HA-mScarlet1-GRF7 plants (Fig. 3l). Thus, the impairment of the interaction of FT with DNA in FT(Mu1)–SII also impairs its recruitment to the FAC. To further examine the dependency of FD–DNA binding on this interaction, nuclear protein extracts of gFD::3HA-3Flag-FDMu1 plants expressing a basic domain mutant of FD that did not bind DNA were used (Extended Data Fig. 5 and Supplementary information). The 3HA–3Flag–FD(Mu1) protein was co-immunoprecipitated with wild-type FT–SII at lower efficiency than 3HA–3Flag–FD(WT) (Fig. 3m). Consistent with the protein co-immunoprecipitation results, chromatin immunoprecipitation with quantitative real-time PCR (ChIP–qPCR) analysis showed that in nuclear chromatin extracts of gFD::3HA-mCherry-FD; fd-3 seedlings, wild-type FT–SII protein associated more effectively with the FD binding site in the SEP3 promoter compared with FT(Mu1)–SII and FT(Mu2)–SII (Fig. 3n). These experiments support the requirement for DNA-bound FD−14-3-3 complex to recruit FT (Fig. 3f,j).
We next evaluated the in vivo relevance of these mutations in FT. The delayed flowering of ft-10 mutants was fully rescued by FTWT-ALFA transgenes, but only partially rescued by FTMu2-ALFA and not at all rescued by FTMu1-ALFA (Fig. 3o and Supplementary Table 1). Moreover, when expressed in the SAM from the FD promoter, FTMu1 did not complement, whereas FTMu2 largely complemented ft-10, although they were expressed at similar levels in T3 homozygous lines, supporting the idea that FT(Mu2) retains more biochemical function than FT(Mu1) (Supplementary Table 1). Therefore, the interaction of the FT tail with the DNA-bound FD−14-3-3 complex has a pivotal role in the assembly of the FAC and floral induction.
14-3-3 prevents FD condensation for DNA binding
Next, we explored whether 14-3-3 proteins affect FD DNA-binding activity. Phosphorylation of the unstructured C-terminal motif (LX(R/K)SX(pS/pT)XP) of FD is considered essential for interaction with 14-3-3 proteins, the activity of FD5,6,32,35 and formation of the FAC4. However, to our knowledge, phosphorylation of residues in this motif (C4, SAP; Extended Data Fig. 5a) of FD has not been demonstrated in vivo4,15. Using mass spectrometry, we detected phosphorylation at threonine (T) 282 in 3HA–mCherry–FD proteins extracted from gFD::3HA-mCherry-FD; fd-3 seedlings (Extended Data Fig. 6a). The T282A mutation did not affect FD abundance but prevented its interaction with 14-3-3 proteins and its capacity to promote flowering (Extended Data Figs. 6b–j and 7a–c, Supplementary Table 1 and Supplementary information).
The effect of T282 phosphorylation and 14-3-3 binding on FD cellular distribution was examined in fd-3 mutants expressing gFD::mVenus–FD or non-phosphorylatable gFD::mVenus–FD(T282A), whose flowering times were similar to those of Col-0 and fd-3 plants, respectively (Extended Data Fig. 7a and Supplementary Table 1). Both proteins accumulated in nuclei and in similar spatial patterns at the SAM (Fig. 4a,b and Extended Data Fig. 7d,e). mVenus–FD(WT) appeared evenly distributed in nuclei, whereas mVenus–FD(T282A) predominantly formed large puncta (Fig. 4c–g), despite similar mRNA and protein expression levels (Extended Data Fig. 7f,g). These observations suggest that when 14-3-3 binding is impaired, the predicted disordered36 feature of FD contributes to the formation of phase-separated condensates (Fig. 4h,i), as observed for other disordered transcription factors37,38. These findings are consistent with an overrepresentation of intrinsically disordered human proteins among 14-3-3 clients21. Also, FT is not involved in suppressing FD condensation and is not required for its interaction with 14-3-3 proteins (Extended Data Fig. 7h–j and Supplementary Table 2).
Fig. 4: 14-3-3 proteins repress FD condensation and enhance DNA binding.

a,b, Confocal images of SAM cells of gFD::mVenus-FD; fd-3 wild-type (no. 22; a) or T282A (no. 9; b) plants. mVenus–FD is shown in green and cell walls (blue) and nuclei (magenta) were stained with Direct Red 23 and DAPI, respectively. Scale bars, 20 μm. c,d, 2.5D images of cells from e (c) and f (d); bars indicate pixel value of signal intensity. e,f, Left, magnified views of cells in a (e) and b (f); scale bars, 2 μm. Right, individual cell nuclei; scale bars, 1 μm. White lines indicate representative regions that were analysed in g. g, The signal intensity variation (maximum – minimum/total signal intensity) for DAPI, mVenus–FD and mVenus–FD(T282A) pixel point distribution. h, AlphaFold-predicted structure of FD. Colours indicate model confidence (pLDDT). i, Top, protein domain structure of FD. Bottom, predictions of disordered regions by PrDOS algorithms36. j, Left, phase diagram of mScarlet1, mScarlet1–FD(T282E) and mScarlet1–FD(T282A) droplets. Right, schematic of protein fusion used for in vitro phase separation assay. Scale bars, 10 μm. k, Fluorescence recovery after photobleaching of mScarlet1–FD(T282E) droplets. The photobleaching pulse was applied at t = 0. Scale bar, 2.5 μm. l, Time course of recovery after photobleaching of mScarlet1–FD(T282E) droplets. Data are mean ± s.d. (n = 13). m, Fusion of droplets containing mScarlet1–FD(T282E) in in vitro phase separation assay. Scale bar, 2.5 μm. Data in j–m are representative of three independent experiments. n, Amplicons for ChIP–qPCR analysis in o and quantitative PCR with reverse transcription (RT–qPCR) in p. o, ChIP–qPCR showing FD enrichment in target gene regulatory or transcribed regions in FD::3HA3Flag-FD; fd-3 and FD::3HA3Flag-FDT282A; fd-3 plants. p, RT–qPCR of FD and FD target gene mRNAs in FD::3HA3Flag-FD; fd-3 and FD::3HA3Flag-FDT282A; fd-3 plants. All values are normalized to ACTIN2. Data in o,p are mean ± s.e.m. of three independent biological replicates. Statistical significance was determined by pairwise one-sided t-test.
We next investigated the behaviour of FD alone or in combination with 14-3-3 or FT proteins in vitro. The MBP tag, along with a PreScission protease cleavage sequence and a fluorescent tag (mScarlet1) were fused in tandem with the FD N terminus (Fig. 4j). This configuration enabled MBP–mScarlet1–FD purification from E. coli and visualization of potential mScarlet1–FD phase dynamics using confocal microscopy after removal of the MBP tag. After MBP cleavage, solutions containing low concentrations of mScarlet1–FD(T282E) or mScarlet1–FD(T282A), but not mScarlet1 alone, exhibited turbidity and the proteins rapidly formed spherical droplets with dynamic liquid-like properties upon addition of the crowding agent PEG8000 under physiological salt conditions (150 mM NaCl; Fig. 4j). At higher protein concentrations, the droplet size increased, but droplet formation was significantly suppressed at high salt concentration (500 mM). Therefore, FD forms spherical droplets resembling condensates in vitro, and FD carrying T282E or T282A mutations behaves similarly when alone in solution. Droplet fusion was observed upon contact and fluorescence recovery after photobleaching analysis demonstrated rapid diffusion of mScarlet1–FD(T282E) molecules within droplets (Fig. 4k–m), underscoring the dynamic nature of FD condensation. Remarkably, interaction with GRF7 substantially suppressed the formation of or dissolved the large mScarlet1–FD(T282E) liquid-like droplets at 150 mM NaCl, but had no obvious effect on mScarlet1–FD(T282A) droplets (Fig. 4j). FT did not suppress FD droplet formation (Extended Data Fig. 7k). Overall, these data indicate that the physical interaction between FD and 14-3-3 proteins strongly suppresses the capacity of FD to undergo liquid phase condensation in vivo and in vitro. This conclusion was supported by generation of a second mutation in the SAP motif, in which the alanine at position 283 was converted to tryptophan (A283W; Extended Data Fig. 8a). Although this mutant protein retained the phosphorylated threonine-mimicking substitution at position 282 (T282E), it showed similar effects to T282A, including reduced interaction with 14-3-3, liquid phase condensation, and reduced capacity to promote flowering (Extended Data Fig. 8 and Supplementary Table 1).
To understand the influence of phase separation on the DNA binding of FD in vivo, we performed ChIP–qPCR on 3HA-3Flag-FD and 3HA-3Flag-FD(T282A) (Fig. 4n). 3HA-3Flag-FD(T282A) showed weaker binding to several FD target genes15,16,17 compared with 3HA-3Flag-FD (Fig. 4o). Consistently, the expression levels of these genes were also significantly lower in gFD::3HA-3Flag-FDT282A; fd-3 compared with gFD::3HA-3Flag-FDWT; fd-3 plants (Fig. 4p), as observed in RNA-seq data of apices of Col-0 and fd-320 (Extended Data Fig. 7l). To explore the specific binding of FD to DNA in the context of phase separation in vitro, we used recombinant FD(T282E), FD(T282A) and FD(Mu1/T282E) proteins with N-terminal, protease-cleavable MBP tags. After MBP tag removal, FD(T282E) and FD(T282A) quickly formed dynamic spherical droplets (Extended Data Fig. 7m–o). Binding of MBP–FD(T282E) or MBP–FD(T282A) to SEP3 DNA was detected in EMSA experiments, but protease-mediated removal of the MBP markedly diminished DNA binding of these proteins (Extended Data Fig. 7p). Nevertheless, DNA binding was enhanced when FD(T282E) interacted with GRF7. Notably, GRF7 had no observed effect on DNA binding by FD(T282A) and no DNA binding was observed by FD(Mu1/T282E) under any combination of protease and/or GRF7 addition. Therefore, 14-3-3 proteins have important roles in facilitating DNA binding by FD, both by reducing its condensation and influencing the properties of its C terminus.
14-3-3 promotes FD dimerization
To investigate the biochemical properties of the FD C terminus and its interaction with 14-3-3 proteins, we purified an N-terminal MBP-fused, truncated FD (amino acids 215–285) that includes the bZIP, 14-3-3-binding regions, and the T282E mutation (hereafter MBP–FDc(T282E)). Consistent with the disordered feature of the FD C terminus (Fig. 4), size-exclusion chromatography with multi-angle light scattering (SEC–MALS) detected homodimers of MBP–FDc(T282E) at low concentration and homotetramers or homooctomers at higher concentration (Extended Data Fig. 9a). SEP3 DNA was bound by MBP–FDc(T282E) dimers at low protein concentrations, but supershifts were detected with MBP–FDc(T282E) at higher concentrations (Extended Data Fig. 9b), reinforcing the idea that MBP–FDc(T282E) oligomers form at increased protein concentrations. Analysis of binding to mutant SEP3 DNA showed that the dimer form of FDc(T282E) binds specifically to the G-box, but oligomers show reduced binding specificity. Moreover, 14-3-3 protein dimers strongly disassociated homooligomerization of MBP–FDc(T282E), converting it to dimers (Extended Data Fig. 9c). Accordingly, in the EMSA experiments, the patterns of supershifts were more uniform with increasing concentrations of MBP–FDc(T282E) when combined with GRF7 (Extended Data Fig. 9d).
We used AlphaFold239 protein structure modelling to explore the mechanisms underlying the formation of FDc dimers. The predicted dimerization interface of FDc(T282E) is highly conserved in the group A bZIPs; we designed mutations to disrupt the predicted dimerization interface (Mu2−Mu6; Extended Data Fig. 9e,f and Extended Data Fig. 5a). GRF7 dimers still bound these mutants, but they only recruited a single copy of the FDc(T282E) containing strong dimerization defective mutations that affect leucine residues in the zipper region (Mu3, Mu4 and Mu5), but could overcome the effect of weaker dimerization mutations (Mu2 (Y238A,E243A) and Mu6 (L263A); Extended Data Fig. 9g,h). These results suggest that 14-3-3 proteins enhance FDc(T282E) dimerization and overcome the defects caused by the weaker mutations. EMSA experiments confirmed these results (Extended Data Fig. 9i). Tests of the functionality of these monomer mutations in transgenic plants showed that late flowering of fd-3 mutants was fully rescued by the gFD::3HA-3Flag-FDMu2 transgene (Extended Data Fig. 9j and Supplementary Table 1), underlining its dimerization ability when 14-3-3 proteins and DNA are present. By contrast, FD(Mu5) and FD(Mu3) significantly impaired FD function. Moreover, these mutant mVenus–FD proteins appeared evenly distributed (Extended Data Fig. 9k and Supplementary Fig. 3), suggesting that these monomers interact with 14-3-3 proteins in vivo, but their activity is reduced. Moreover, chromatin immunoprecipitation (ChIP) experiments showed that DNA binding of Mu3 is significantly reduced compared with wild-type FD (Extended Data Fig. 9f–o). GRF7 not only facilitated the dimerization of FDc(T282E) but also enhanced its DNA binding (Extended Data Figs. 7p and 9d,i). Our protein structure models suggest that binding of GRF7 to FD might restrict the flexibility of its C terminus by inducing conformational changes in the 13-amino-acid region (C13) between the bZIP and 14-3-3 binding site (Extended Data Figs. 5a and 10a,b). Mutagenesis of this region and functional analysis of the mutant proteins (Mu7 and Mu8) in vivo and in vitro (Extended Data Figs. 10c–e and 11 and Supplementary Table 1), supported the idea that 14-3-3 proteins enhance DNA binding of FD by limiting the flexibility of the C13 region. Thus, 14-3-3 proteins enhance DNA binding by FD in multiple ways, including preventing condensation, promoting dimerization and regulating the flexibility of the C13 region leading to FT recruitment and target gene transcription.
Discussion
Here we find that FT accumulates in specific cells in floral primordia as well as in the rib zone, organizing centre and, to a lesser extent, the central zone of the SAM, and that the FD and 14-3-3 proteins co-localize with FT in these regions. Previous experiments also reported interaction between FD and FT in the SAM12 using a strong heat shock promoter to express FT, whereas we used the endogenous regulatory sequences. We cannot exclude that in our experiments FT–mVenus is present in more nuclei below the level of detection for confocal microscopy, so we defined the minimum overlap of FT, FD and 14-3-3 proteins in the SAM. In the floral primordium, FT mRNA is first present on the adaxial side of the primordium, and later, as the primordium grows, it is present below the domain of expression of AP1, which represents the boundary with the suppressed bract30,31. This transcriptional pattern of FT may contribute to its genetically defined role in conferring floral identity, leading to fewer cauline leaves and branches40,41. Moreover, although FT interacts with FD to activate AP1 transcription6, our data suggest that this might occur only during the initiation of AP1 transcription and not to maintain it throughout the primordium. BLADE ON PETIOLE (BOP) proteins also define the boundary between the floral primordium and the suppressed bract and activate AP1 transcription31,42,43,44, but their precise relationship with FT will require further detailed study. The activity of FT and FD later during floral development in the floral meristem to activate SEP genes41 may involve a further round of FT transcription. Competition between TFL1 and FT was proposed to explain their antagonism during flowering and inflorescence development17,45, but our analyses suggest that different spatial and temporal patterns of accumulation are a major contributor to their distinct functions. Nevertheless, there is a transient overlap between FT and TFL1 mRNAs in the first floral primordium (Fig. 2h,i). We find that in Arabidopsis, FT activity occurs first at the base of the SAM and then in the primordium, and in rice a related two-step process occurs, whereby movement of florigen leads to transcriptional activation of FT-LIKE1 at the SAM46. This amplification of florigen function, whether carried out by different genes in rice or by the same gene in Arabidopsis, may be highly conserved in flowering plants.
We found that binding of the FD–14-3-3 complex to DNA is a determinant of FT recruitment and that the unstructured FT C terminus interacts with DNA when 14-3-3–FD is present. The activity of this evolutionarily conserved interface in recruiting FT to the FAC seems stronger and more important in floral promotion than the interaction with 14-3-3 via interface 2. Nevertheless, both interfaces contribute to biological function. Our results also suggest that the recruitment of FT could stabilize the interaction of the FD−14-3-3 complex with chromatin.
In plants, biomolecular condensates integrate environmental cues with developmental programmes47,48,49. The transcriptional regulators EARLY FLOWERING 3 and AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 are negatively regulated by condensate formation50,51. In common with many other transcription factors, FD is predicted to possess intrinsically disordered regions, and phase-separated condensates of FD mutants that did not interact with 14-3-3 were formed in vivo, suggesting that phase separation impairs FAC function. In wild-type plants, the T282 phosphorylated form of FD predominates but a pool of FD with non-phosphorylated T282 might occur under particular developmental or environmental conditions. Such condensates could serve as a reservoir of protein that is capable of switching to active FD upon phosphorylation. Intrinsically disordered proteins have been found to be enriched among 14-3-3 clients in humans, and 14-3-3 binding suppressed the condensation of disordered clients21. Accordingly, binding of 14-3-3 reduced excessive condensation of FD, and allowed DNA binding and transcription of target genes. Of note, interaction of FD with 14-3-3 proteins also stabilizes FD dimers, potentially inducing conformational changes in the tail at the C terminus of FD that enhance DNA binding. Therefore, 14-3-3 proteins may function as chaperone-like proteins that enhance FD activity at multiple levels.
In higher plants, group A bZIPs implement developmental transitions at the shoot apex and ABA responses52,53,54, and our analysis of the role of 14-3-3 proteins in regulating FD is likely to be relevant for other members of this important group of transcription factors (Extended Data Fig. 12, Supplementary Text and Supplementary Table 3). Moreover, PEBP encoding-genes, which include FT, are present in basal green plants, whereas FT-like and TFL1-like PEBPs emerged in gymnosperms and are present throughout the seed plant lineage (gymnosperms and angiosperms)55,56. Our demonstration of the broad importance of 14-3-3 function for the activity of FD, the two important interfaces that link FT to DNA and the protein complex, and the dynamic pattern of FT accumulation in the SAM and primordia provide novel perspectives for understanding the mechanisms through which florigen promotes flowering.
Methods
Plant materials and growth conditions
The Arabidopsis thaliana Columbia (Col-0) ecotype was used as the main experimental organism. Seeds of Col-0 (N70000), fd-3 (SALK_054421), ft-10 (GK_290E08) and other transgenic plants were surface-sterilized with 70% ethanol for 10 min, rinsed with 99% ethanol for 5 min, air-dried and stratified at 4 °C for 3 days before sowing. Plants were grown on soil under long-day conditions (16 h light:8 h dark cycles) or were grown vertically on plates containing 1% agar supplemented with half-strength Murashige and Skoog (MS) medium (pH 5.7) at 22 °C with a light intensity of 160–180 μmol m−2 s−1 provided by LED bulbs (Philips F17T8/TL841 17 W).
Plasmid construction
To generate different epitope-tagged fusions of FD, the genomic fragment carrying FD promoter (2,930 bp), the full-length coding region and the 3′ untranslated region (1,982 bp) were amplified from Col-0 genomic DNA. DNA encoding 3HA-3Flag and 2HA-mVenus57 tags were synthesized and amplified with PrimeSTAR GXL DNA Polymerase (Takara Bio) for subcloning. Overlapping PCR was then performed to obtain genomic fusions with FD and the epitope tags. Corresponding PCR fragments were then cloned into a modified binary vector PER8 using a HiFi DNA Assembly Kit (NEB). The constructs were transformed into fd-3 mutants using the floral dip method. The same strategy (with genomic fusions) was used to construct gGRFs::2HAmScarlet-I58-GRFs in Col-0 (GRF2 and GRF6), grf7 (SALK_084141)or grf8 (SALK_148929) mutants, and three genomic constructs carrying the 9,149-bp promoter, the FT coding region fused with different tags (gFT::FT-mVenus, gFT::FT-Venus-Halo-Venus and gFT::FT-ALFA59), and a 3,159-bp downstream sequence were transformed separately into ft-10 (GK-290E08) plants. SUC2::pp2A.1-mCherry was transformed in to Col-0 background. Primers used to amplify these sequences are listed in Supplementary Table 4.
Generation of Arabidopsis mutants and transgenic plants
Corresponding Col-0, fd-3 or ft-10 mutant plants were grown in the greenhouse under LD conditions and were transformed by the floral dip method using Agrobacterium tumefaciens strain GV3101. The resulting transgenic T1 seeds were screened on half-strength MS medium with supplemented hygromycin for 7 LD and then they were transferred to soil for the measurement of flowering time.
RNA extraction and RT–qPCR analysis
Total RNA was extracted from 13-day-old seedlings grown in long-day conditions using the RNeasy plant Mini Kit (QIAGEN) with an on-column DNase (QIAGEN) treatment. cDNA was synthesized from 1 μg RNA using a QuantiTect Reverse Transcription Kit (QIAGEN). Real-time PCR was performed with iQ SYBR Green Supermix (Bio-Rad) in a CFX384 Touch Real-Time PCR Detection System (Bio-Rad). The reference gene ACTIN2 was used for normalization. Three technical replicates for each of three independent biological replicates were performed for each experiment and representative results are presented. The primers used for qRT–PCR are listed in Supplementary Table 4.
Immunoblot assays
For western blots, approximately 30 mg of tissue from 13-day-old seedlings grown in long-day conditions was ground into fine powder with liquid nitrogen with a TissueLyser system (QIAGEN). Total protein was extracted using denaturing buffer (100 mM Tris-HCl pH 7.5, 100 mM NaCl, 30 mM EDTA pH 8.0, 4% (w/v) SDS, 20% (v/v) glycerol, 20 mM β-mercaptoethanol (Sigma-Aldrich), 20 mM DTT, 2 mM PMSF (Sigma-Aldrich), 1× Protease Inhibitor Cocktail (PIC, Sigma-Aldrich, P9599), 1× Phosphatase Inhibitor Cocktail 2 (PIC2, Sigma-Aldrich, P5726), 1× Phosphatase Inhibitor Cocktail 3 (PIC3, Sigma-Aldrich, P0044), 80 μM MG132 (Sigma-Aldrich), and 0.01% bromophenol blue) in a 1:5 (w/v) ratio and was boiled at 95 °C for 10 min. Protein samples were centrifuged at 16,000g for 5 min at room temperature and the supernatants were transferred to a new low-protein-binding tube and separated by SDS–PAGE.
For immunoblotting, separated proteins from the gels were transferred onto a PVDF membrane by the Trans-Blot Turbo Transfer System (Bio-Rad). Blots were probed with anti-H–horseradish peroxidase (HRP) (Roche, 12013819001, 1,000-fold dilution), anti-ALFA–HRP (NanoTag, N1505, 1:2,000-fold dilution) or anti-actin–HRP (Santa Cruz, sc-47778, 1:5,000-fold dilution) antibodies conjugated to HRP were used at 1:2,000-fold dilution, in TBS-T buffer. The blots were developed with a 1:1 mix of SuperSignal West Femto Maximum Sensitivity and SuperSignal West Dura Extended Duration Substrates and signals were detected on a ChemiDoc MP Imaging System (Bio-Rad). Uncropped blots are shown in Supplementary Fig. 4.
Co-immunoprecipitation assay
The in vivo co-immunoprecipitation assays were performed as previously described, with minor modifications60. In brief, 3 g of material from 12-day-old seedlings grown in long-day conditions was collected at Zeitgeber time (ZT) 7 and cross-linked in 1× phosphate-buffered saline (PBS) with 1 mM disuccinimidyl glutarate with vacuum filtration for 15 min. The tissues were washed and frozen in liquid nitrogen before storing at −80 °C. The tissues were ground to a fine powder in liquid nitrogen, and semi-pure nuclei were extracted in nuclei isolation buffer (10 mM Tris-HCl pH 8.0, 400 mM sucrose, 0.05% Triton X-100, 1 mM PMSF, 5 mM β-mercaptoethanol and 0.25× protease inhibitor cocktail (PIC)). The isolated nuclei were washed 3 times in wash buffer (10 mM Tris-HCl pH 8.0, 250 mM sucrose, 0.5% Triton X-100, 10 mM MgCl2, 1 mM PMSF, 5 mM β-mercaptoethanol and 0.25× PIC). Nuclear proteins were released by brief sonication in the buffer (Tris-HCl pH 7.5, 3 mM EDTA, 0.5% Triton X-100, 150 mM NaCl, 1 mM PMSF, 50 μM MG132, 1 mM DTT, 1× PIC, 1× PIC2 and 1× PIC3). Western blotting was performed with the extracted nuclear proteins using anti-HA (12013819001, Roche) and anti-H3 (Abcam, ab1791) antibodies before immunoprecipitation.
For co-immunoprecipitation, 30 μl anti-HA magnetic beads (Thermo Fisher) was added to the diluted nuclear protein solution (0.5% Triton X-100, 1 mM EDTA, 20 mM Tris-HCl pH 7.5, and 100 mM NaCl and 1× PIC (Sigma-Aldrich)) and rotated for 40 min at 4 °C. The beads were washed five times with immunoprecipitation buffer. Aliquots (3 μl) of beads were boiled with 2× Laemmli buffer (Bio-Rad) for immunoblotting analysis using anti-HA (Roche, 12013819001, 1:1,000-fold dilution), anti-Strep (IBA, 2-1509-001, 1:4,000-fold dilution) and anti-H3 (Abcam, ab1791, 1:4,000 dilution). The remaining beads with the IPed proteins were stored at −80 °C before on-bead digestion for liquid chromatography–mass spectrometry.
Mass spectrometry and data analysis
The anti-HA magnetic beads with IPed proteins were digested on beads using trypsin or LysC to identify interacting proteins of FD, GRF7 or GRF8, or phosphorylation peptides of FD. In brief, the beads were buffer exchanged and re-dissolved in 25 µl digestion buffer I (50 mM Tris pH 7.5, 2 M urea, 1 mM DTT, 5 ng µl−1 trypsin) and incubated for 30 min at 30 °C in a Thermomixer at 400 rpm. Next, beads were pelleted, and the supernatant was transferred to a new tube. Digestion buffer II (50 mM Tris pH 7.5, 2 M urea, 5 mM chloroacetamide) was added to the beads and after mixing the beads were pelleted, the supernatant was collected and combined with the previous one. The combined supernatants were then incubated overnight at 32 °C in a Thermomixer at 400 rpm; samples were protected from light during incubation. The digestion was quenched by adding 1 µl trifluoroacetic acid (TFA) and desalted with C18 Empore disk membranes according to the StageTip protocol61.
Dried peptides were re-dissolved in 2% acetonitrile (ACN), 0.1% TFA (10 µl) for analysis. Samples were analysed using an EASY-nLC 1200 (Thermo Fisher) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher). Peptides were separated on 16-cm frit-less silica emitters (New Objective, 75-µm inner diameter), packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 µm resin (Dr. Maisch). Peptides were loaded onto the column and eluted for 115 min using a segmented linear gradient of 5% to 95% solvent B (0 min: 5% B; 0–5 min 5% B; 5–65 min →20% B; 65–90 min →35% B; 90–100 min →55% B; 100–105 min →95% B; 105–115 min 95% B) (solvent A: 0% ACN, 0.1% formic acid; solvent B: 80% ACN, 0.1% formic acid, solvents A and B together constituting 100% of the mobile phase) at a flow rate of 300 nl min−1. Mass spectra were acquired in data-dependent acquisition mode with a TOP15 method. MS spectra were acquired in the Orbitrap analyser with a mass range of 300–1,750 m/z at a resolution of 70,000 full width at half maximum (FWHM) and a target value of 3 × 106 ions. Precursors were selected with an isolation window of 1.3 m/z (Q Exactive Plus). HCD fragmentation was performed at a normalized collision energy of 25. MS/MS spectra were acquired with a target value of 105 ions at a resolution of 17,500 FWHM, a maximum injection time of 55 ms and a fixed first mass of m/z 100. Peptides with a charge of +1, greater than 6, or with unassigned charge state were excluded from fragmentation for MS2, and dynamic exclusion for 30 s prevented repeated selection of precursors.
Alternatively, samples were analysed using an Ultimate 3000 RSLC nano (Thermo Fisher) coupled to an Orbitrap Exploris 480 mass spectrometer equipped with a FAIMS Pro interface for Field asymmetric ion mobility separation (Thermo Fisher). Peptides were pre-concentrated on an Acclaim PepMap 100 pre-column (75 µM × 2 cm, C18, 3 µM or 5 µM, 100 Å, Thermo Fisher) using the loading pump and buffer A (water, 0.1% TFA) with a flow of 7 µl min−1 (3 µM), or 15 µl min−1 (5 µM) for 5 min. Peptides were separated on 16-cm frit-less silica emitters (New Objective, 75 µm inner diameter), packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 µm resin (Dr. Maisch). Peptides were loaded onto the column and eluted for 130 min using a segmented linear gradient of 5% to 95% solvent B (0 min: 5% B; 0–5 min 5% B; 5–65 min →20% B; 65–90 min →35% B; 90–100 min →55% B; 100–105 min →95% B; 105–115 min 95% B; 115–115.1 min →5% B, 115.1–130 min 5% B) at a flow rate of 300 nl min−1. Mass spectra were acquired in data-dependent acquisition mode with the TOP_S method using a cycle time of 2 s. For field asymmetric ion mobility separation (FAIMS), two compensation voltages (−45 and −60) were applied and the cycle time was set to 1 s for each experiment. MS spectra were acquired in the Orbitrap analyser with a mass range of 320–1,200 m/z at a resolution of 60,000 FWHM and a normalized AGC target of 300%. Precursors were filtered using the MIPS option (MIPS mode = peptide), the intensity threshold was set to 5,000, Precursors were selected with an isolation window of 1.6 m/z. HCD fragmentation was performed at a normalized collision energy of 30%. MS/MS spectra were acquired with a target value of 75% ions at a resolution of 15,000 FWHM, inject time set to auto, and a fixed first mass of m/z 120. Peptides with a charge of +1, greater than 6, or with unassigned charge state were excluded from fragmentation for MS2.
Raw data were processed using MaxQuant software62 (v.1.6.3.4, http://www.maxquant.org/) with label-free quantification (LFQ) and iBAQ enabled63. MS/MS spectra were searched using the Andromeda search engine against a combined database containing the sequences from A. thaliana (TAIR10_pep_20101214; ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists/) and sequences of 248 common contaminant proteins and decoy sequences. Trypsin or LysC specificity was required and a maximum of two missed cleavages allowed. Minimal peptide length was set to seven amino acids. Carbamidomethylation of cysteine residues was set as fixed, and oxidation of methionine and protein N-terminal acetylation were set as variable modifications. Peptide-spectrum matches and proteins were retained if they were below a false discovery rate (FDR) of 1%.
For interacting protein analyses, statistical analysis of the MaxLFQ values was carried out using Perseus (v.1.5.8.5, http://www.maxquant.org/). Quantified proteins were filtered for reverse hits and hits ‘identified by site’ and MaxLFQ values were log2-transformed. After grouping samples by condition, only those proteins were retained for the subsequent analysis that had two valid values in one of the conditions. Two-sample t-tests were performed using a permutation-based FDR of 5%. Alternatively, quantified proteins were grouped by condition and only those hits were retained that had three valid values in one of the conditions. Missing values were imputed from a normal distribution (1.8 downshift, separately for each column). Volcano plots were generated in Perseus using an FDR of 5% and an S0 = 1. The Perseus output was exported and further processed using Excel.
To identify phosphorylation of T282, the Phospho (STY)Sites.txt file was manually inspected for the presence and localization of the site. The presence of the site was confirmed by searching individual raw files using ProteomeDiscoverer 2.2 (Thermo Fisher).
Confocal imaging of SAM cells
SAMs of seedlings grown in long-day conditions were dissected and fixed with 4% (w/v) paraformaldehyde. The fixed samples were washed twice with PBS for 5 min and cleared with ClearSee solution64 for 2 days in the dark at room temperature. After clearing, samples were washed twice with PBS buffer for 5 min and embedded with 6.5% (w/v) low-melt agarose (Bio-Rad). The embedded samples were sectioned into 70-μm slices using a vibrating blade microtome (Leica VT1000 S) and then stained with dyes. For the FD and GRF co-localization analysis, the cell wall was stained with Renaissance 2200 (0.1% (v/v) in PBS)65 for 30 min and washed in PBS buffer for 5 min. For the FD-chromatin co-localization analysis, the cell wall was stained with Direct Red 23 (0.5% (w/v) in ClearSee)66 for 1 h and washed with PBS buffer for 10 min. The nuclear chromatin was then stained with 1 μg ml−1 DAPI (Thermo Fisher) for 30 min and washed in PBS buffer for 10 min. The stained samples were mounted onto slides with ProLong Antifade Mountants (Thermo Fisher) for signal preservation. Image collection was performed using a Zeiss LSM 880 confocal microscope. The Renaissance and DAPI signals were detected at 410–503 nm with an excitation wavelength of 405 nm. The mVenus signal was excited with a 514 nm laser and collected at 520–560 nm and mScarlet-I and Direct Red 23 were excited with a 561 nm laser and detected at 566–620 nm. The imaging data were processed using Zen 3.10 (Zeiss) software.
Single-cell nuclear quantification of FD–FT fluorescence signal
Individual confocal images of gFT::FT–mVenus and gFD::mScarlet1–FD were processed using Cellpose (2.2.3)67,68 and Matlab (MathWorks (2022); MATLAB v.9.13.0 (R2022b)). Nuclear segmentation was performed using cyto Cellpose model on the FD-channel.tif file. The cell diameter parameter was automatically calibrated. The output nuclear segmentation.png files were processed using custom-made MATLAB code and adapting the previous method68 to 2D images. For each confocal image, a curved line was drawn following the parabolic outline of the SAM. A parabolic fit was then performed, accounting for a possible tilt of the SAM. Based on the fitted parabola, a 2D parabolic mask was created. A rectangular mask was also created, extending from the two ends of the parabola up to the inferior edge of the image. These two masks were combined and all intensity values of the pixels outside the new mask were set to 0. Using the previously generated parabolic mask and published WUS/CLV3 data68, the meristematic tissue was divided into four different regions: central zone (CZ), organizing centre (OC), peripheral zone (PZ) and rib meristem (RM). The first two regions were defined using the height and width of CLV3 and WUS domains, respectively, as proxies. All meristematic tissue below the OC and within the previously generated rectangular mask was considered to be RM. PZ included all nuclei located in the region contained between the OC/CZ and the fitted parabola. Such parametrization of the SAM allows for its compartmentalization it into four different regions and for the assignment of each nucleus to its associated regions if its centroid coordinates are contained that region. Brunner–Munzel test was used to measure statistic significant differences in the median distributions of FD and FT nuclear concentrations between time points. Further details are at https://gitlab.com/GRM_14/gao_ding_et_al_2025/-/tree/011d3d70fc1c0f41670c6f0b860b3c586c8949fd/.
RNA in situ hybridization
RNA in situ hybridization was performed as described previously69. The template for the FT probe was transcribed from cDNA using a specific primer pair (Supplementary Table 4) with T3 and T7 polymerase binding sites attached to the forward and reverse primers, respectively.
RNAscope fluorescent multiplex assays
The RNAscope assay was conducted following the RNAscope Multiplex Fluorescent Assay v.2 protocol provided by ACDBio (materials available at https://acdbio.com). In brief, formalin-fixed, paraffin-embedded tissue samples were used for analyses. Specific probes for FD, FT and TFL1 (assigned to channels C1, C2 and C3, respectively) with the following catalogue numbers: 1307011-C1 (FD), 1307021-C2 (FT), and 1307031-C3 (TFL1) were used. To visualize FD, FT and AP1 in the same sample, the AP1 probe was assigned to channel C3 (1569941-C3). The RNAscope 3-plex Negative Control Probe (320871) was used as a negative control. All probes were hybridized overnight at 40 °C.
To visualize targets, TSA Plus fluorophores (diluted with TSA buffer from ACDBio) were applied as follows: TSA Vivid 520 (323271, diluted 1:2,500) for C3, TSA Vivid 570 (323272, diluted 1:1,500) for C1, and TSA Vivid 650 (323273, diluted 1:1,500) for C2. Additionally, Renaissance (0.1% v/v in PBS) was used to stain the cell walls.
Confocal images were captured using a Zeiss LSM 880 confocal microscope. The imaging data were processed and analysed using Zen 3.10 (Zeiss), Fiji (v.2.16.0), Cellpose (v.2.2.3) and Matlab (v.9.13.0 R2022b). The Renaissance signal was detected at 410–503 nm with an excitation wavelength of 405 nm. The filter settings for FITC, Cy3 and Cy5 were used for the TSA Vivid Fluorophore 520, 570 and 650, separately.
Quantification of RNAscope images
Quantification of RNAscope images at the tissue level was performed using a similar pipeline as the custom-made MATLAB described before, except that first, a sum projection of the images belonging to the same meristem was computed. On this image, the same pipeline as the one previously described was applied to obtain a 2D parabolic mask outlining the SAM. Then, a second 2D parabolic mask with increased curvature was created based on this and all intensity values of the pixels outside the mask were set to 0. This mask was then divided into consecutive 10-μm sections. This allowed fluorescence intensity concentration profiles to be obtained along the SAM longitudinal axis. Concentration was defined as the ratio of total intensity (sum of pixel intensity) to the total area (sum of the pixel area).
Protein expression and purification for in vitro analysis
Codons of the coding sequences of FD and GRF7 from A. thaliana were optimized to E. coli and cloned into pMAL-c5X-His (NEB) or a modified pMAL-c5X vector. Transformants carrying the recombinant plasmids were grown in LD medium supplemented with appropriate antibiotic to OD600 = 0.6 before induction by 0.6 mM IPTG for 16–20 h at 12 °C. The E. coli cells were collected by centrifugation, resuspended in wash buffer (25 mM Bis-Tris pH 8.0, 160 mM NaCl and 15 mM imidazole) and sonicated to prepare cell lysates. The proteins were purified using Ni-NTA beads (QIAGEN), the bound proteins were washed 5 times with wash buffer and eluted using elution buffer (25 mM Bis-Tris pH 8.0, 160 mM NaCl and 250 mM imidazole). The eluted proteins were further purified by size-exclusion chromatography (HiLoad 16/600 Superdex 200 pg, GE Healthcare) in buffer containing 25 mM Tris-HCl pH 8.0, 160 mM NaCl and 2% (v/v) glycerol.
Structural modelling
The structures of GRF7, full-length FD and truncated and mutant FD were predicted using AlphaFold70 and AlphaFold271. The modelled structure of the FDc–GRF7 and GRF7–FT complex was predicted by ColabFold39. The modelled structure of the FDc–DNA complex was based on a bZIP (PAP1)–DNA complex (Protein Data Bank (PDB): 1GD2)72. The modelled structure of the FAC–DNA complex was based on the modelled FDc–DNA, FDc–GRF7 and GRF7–FT complexes.
SEC–MALS
Purified recombinant proteins were quantified by NanoDrop using the protein-specific extinction coefficient and diluted to the desired concentration (as mentioned in the figures). SEC–MALS was performed in buffer (25 mM Tris-HCl pH 8.0, 160 mM NaCl and 2% (v/v) glycerol) on a 10/600 Superdex 200 pg (home packed) column using an AKTÄ pure 25 M chromatography system coupled to a miniDAWN multi-angle light scattering detector (Wyatt Technology) as well as a refractive index detector (Shodex RI-501). Five-hundred microlitres of sample was used per run at a flow rate of 0.5 ml min−1. BSA was used as a standard for calibration. Baseline correction, selection of peaks and calculation of molecular masses was performed with the ASTRA 8.2 software package.
Gel-shift assay (EMSA)
SEP3 or LFY DNA probe (28 bp) covering one G-box binding site was synthesized by annealing single-stranded 5′-Cy5-labeled oligo in annealing buffer (10 mM Tris pH 8.0, 50 mM NaCl, and 1 mM EDTA pH 8.0). Binding reactions with different proteins with different combinations were indicated in the figures and were carried out in buffer containing 10 mM Tris, 50 ng μL Poly (dI-dC), 50 mM KCl, 10 mM KCl, 1 mM DTT, 5% (v/v) glycerol and 0.1% NP-40. Binding reaction tubes were kept on ice for 20 min and were then loaded onto 6% DNA Retardation Gels (Thermo Fisher) and run in 0.5× Tris/Borate/EDTA buffer at room temperature for 60 min at 100 V. Binding signals were visualized using a ChemiDoc MP Imaging System (Bio-Rad). The primers used for DNA probes are listed in Supplementary Table 4.
Chromatin immunoprecipitation
ChIP methods were described previously with minor modifications60. For ChIP–qPCR of 3HA3Flag-FD, 9 g of above-ground tissue from 10-day-old LD-grown seedlings was collected at ZT 7, and cross-linked for 10 min by vacuum filtration in PBS solution containing 1% formaldehyde. For chromatin immunoprecipitation, 50 μl Dynabeads Protein G beads (Thermo Fisher) coated with 20 μl HA antibody (Abcam, ab9110) was incubated for 4 h with 3 ml of the diluted chromatin solution (1% Triton X-100, 1 mM EDTA, 0.08% SDS, 15 mM Tris-HCl, pH 8.0, and 150 mM NaCl). After washing 3 times with wash buffer (1% NP-40, 1 mM EDTA, 0.1% SDS, 0.1% DOC (sodium deoxycholate, Sigma-Aldrich), 20 mM Tris-HCl, pH 8.0, and 150 mM NaCl), the immune complex was eluted from the beads in 400 μl elution buffer (1% SDS and 0.1 M NaHCO3). Next, samples were reverse cross-linked with 5 μl Proteinase K and 20 μl 5 M NaCl at 65 °C overnight and DNA was purified by a MinElute PCR Purification Kit (QIAGEN). Amounts of input and IP DNA were quantified by fluorometry (Promega, Quantus) and the size of the fragments was analysed by ultra-sensitive capillary electrophoresis (Agilent FEMTOpulse), and the resulting DNA was used for ChIP–qPCR. The primers used for ChIP–qPCR are listed in Supplementary Table 4.
Semi in vivo co-immunoprecipitation and ChIP–qPCR
To perform the semi in vivo co-immunoprecipitation assays for FD and FT, semi-pure nuclei were extracted from 3 g of tissue from 12-day-old FD::3HA-mCherry-FD; fd-3 seedlings grown in long-day conditions as described above. Nuclear proteins were extracted in the sonication buffer (50 mM Tris-HCl (pH 8.0), 2 mM EDTA, 0.5% Triton X-100, 100 mM NaCl, 5 mM MgCl2, 60 mM KCl, 2% (v/v) glycerol, 1 mM PMSF, 50 μM MG132, 1 mM DTT, 1× PIC, 1× PIC2, 1× PIC3). A total of 180 µg E. coli-purified wild-type FT–SII (Strep tag II) or mutated FT–SII protein was added to 800 µl FD nuclear protein, and incubated with rotation for interaction at 4 °C for 2 h.
For co-immunoprecipitation, 30 µl anti-Strep agarose beads (Strep-Tactin XT 4Flow resin, IBA Lifesciences, 2-5010) was pre-equilibrated with the sonication buffer before being added to the protein mixtures. The immunoprecipitation against FT-SII was performed with rotation at 4 °C for 40 min. The beads were washed 4 times in the wash buffer (50 mM Tris-HCl (pH 8.0), 2 mM EDTA, 0.5% Triton X-100, 100 mM NaCl, 5 mM MgCl2, 60 mM KCl, 2% (v/v) glycerol) and then resuspended in 30 µl wash buffer and 10 µl 4× Laemmli loading buffer, followed by boiling for 10 min at 95 °C for immunoblotting analysis using anti-HA–HRP (Roche, 12013819001, 1:1,000 dilution), anti-StrepMAB-Classic–HRP (IBA Lifesciences, 2-1509-001, 1:4,000 dilution) and anti-H3–HRP (Abcam, ab1791, 1:4,000 dilution).
For semi in vivo ChIP–qPCR analysis for purified FT-SII protein, chromatin from 12-day-old FD::3HA-mCherry-FD; fd-3 seedlings grown in long-day conditions was isolated in the above sonication buffer with the addition of 0.24% (w/v) SDS. After interaction of purified FT proteins with the chromatin extractions from in vivo, 0.1 mM disuccinimidyl glutarate followed by 0.1% (v/v) formaldehyde were added to the reaction buffer for 30 min to cross-link FT with interacting proteins and chromatin. ChIP–qPCR was performed as described in ‘Chromatin immunoprecipitation’. Primers are listed in Supplementary Table 4.
Phylogenetic analysis
Nucleotide and protein sequences of bZIP and 14-3-3 gene families were blasted and obtained using ‘makeblastdb’ module in DIAMOND v.2.16.16073. The sequences of both gene families were used for database searching by BLASTP. The initially identified candidate protein sequences in green plants were cut off with an e-value < 10−5. Then, all candidates of bZIP or 14-3-3 families were verified that contained at least one bZIP domain or that were annotated as 14-3-3 proteins by the Conserved Domains Database74 (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). MAFFT75 v.7.490 with auto parameters was used for protein sequence alignment. A maximum likelihood algorithm implemented in IQ-TREE v.1.5.576 with the Jones–Taylor–Thornton model of evolution under GAMMA rate distribution with bootstrapping criterion (up to a maximum of 1,000 bootstraps) was used for phylogenetic analysis. The obtained trees were visualized using the iTOL77 (v.6.7.6; http://itol.embl.de/) phylogeny visualization program.
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Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The mass spectrometry proteomics data have been deposited and are accessible at the ProteomeXchange Consortium via the PRIDE78 partner repository with the dataset identifier PXD067955. The full versions of western blots are available in Supplementary Fig. 4 and the data for graphs are available in Supplementary Table 1. Further information and requests for resources and reagents should be directed to G.C.
Code availability
Custom code was developed to analyse signal co-localizations at the shoot apex meristem. Source code for analysis signal and figure generation is publicly available at GitHub (https://gitlab.com/GRM_14/gao_ding_et_al_2025/-/tree/011d3d70fc1c0f41670c6f0b860b3c586c8949fd).
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Extended data figures and tables
Extended Data Fig. 1 Flowering time of transgenic plants expressing FT and various fluorescent tag fusions driven by FT and FD promoter and downstream regions.
a, Schematic depicting the constructions of FT fluorescent tag fusions. b, Leaf number (R: rosette; C: cauline) of T1 transgenic ft-10 plants expressing FT, FT-mVenus and FT-Venus-Halo-Venus driven by FT and FD promoter and downstream genomic regions. Different letters represent significant differences of rosette leaves and cauline leaves among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16 and P = 1.11 * 10−16, respectively; The sample sizes were as follows: n = 14 for Col-0; n = 14 for ft-10; n = 19 for gFT:FT in ft-10; n = 19 for gFT:FT-mVenus in ft-10; n = 19 for gFT:FT-Venus-Halo-Venus in ft-10; n = 16 for FD:FT in ft-10; n = 16 for FD:FT-mVenus in ft-10 and n = 15 for FD:FT-Venus-Halo-Venus in ft-10, respectively, all grown under long-days (LDs). c, Leaf number (R: rosette; C: cauline) of T3 homozygous transgenic ft-10 plants expressing FT-mVenus and FT-Venus-Halo-Venus driven by the FT promoter. gFT::FT-Venus-Halo-Venus; ft-10 #13 was backcrossed to Col-0 to synchronize developmental stages as for gFT::FT-mVenus; ft-10. Different letters represent significant differences of rosette leaves and cauline leaves among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16 and P = 1.11 * 10−16, respectively; The sample sizes were as follows: n = 12 for Col-0; n = 13 for ft-10; n = 11 for gFT:FT-mVenus in ft-10; n = 14 for gFT:FT-Venus-Halo-Venus in ft-10 and n = 12 gFT:FT-Venus-Halo-Venus in Col-0, respectively, all grown under long-days (LDs). d, Schematic depicting the timing of floral transition in Arabidopsis. e,f, Confocal images of cotyledon cells co-expressing gFT::FT-mVenus and SUC2::PP2A-mCherry at 3, 4, 7 and 10 LD. g,h, Confocal images of cells at the base of cotyledons co-expressing gFT::FT-mVenus and SUC2::PP2A-mCherry at 5 and 10 LD. i, Confocal images of cotyledon cells in the major vein co-expressing gFT::FT-mVenus and pSUC2::PP2A-mCherry. j, Confocal images of FT-Venus-Halo-Venus signal in cotyledons of gFT::FT-Venus-Halo-Venus; Col-0 #13 plants under long days. Scale bars = 400 μm. The confocal images in e–j are representative of three independent cotyledons or meristems.
Extended Data Fig. 2 Spatiotemporal accumulation of FD and 14-3-3 proteins at the shoot apical meristem of Arabidopsis.
a, Heatmap showing the Z-score normalized expression values of GRF1 to GRF10, FD and FD target genes in shoot apical meristems dissected from Col-0 plants grown for 7, 10, 13 and 16 long days (LDs). Data are means of three independent experiments for RNA sequencing20. b,c,d,e, Confocal images of shoot apical meristem cells co-expressing gFD::mVenus-FD and either gGRF7::mScarlet-I-GRF7, gGRF8::mScarlet-I-GRF8, gGRF2::mScarlet-I-GRF2 or gGRF6::mScarlet-I-GRF6 at 7, 10, 13 and 16 LDs. The central panels show the expression pattern of the individual chromophores at 13 LDs. The cell walls (blue) were stained with Renaissance 2200. Scale bars = 20 μm. The confocal images in b–e are representative of three independent transgenic lines.
Extended Data Fig. 3 Spatiotemporal expression of FT, FD and TFL1 mRNAs.
a, RNA in situ hybridization images of shoot apical meristem cells expressing gFT::FT-mVenus in ft-10 mutant at 10 to 23 LD. Arrows indicate FT signal. Scale bars = 50 μm. b–d, Confocal images of shoot apical meristem cells co-expressing gFT::FT-mVenus transgene (yellow), endogenous FD (magenta) and TFL1 (turquoise) captured using multiplex fluorescent RNA in situ hybridization (RNAscope) at 13, 15 and 16 LD. Scale bars = 20 μm. b,d, Additional confocal sections at 13 and 16 LD, respectively, see also Fig. 2; c, a complete multiplex fluorescent RNA in situ hybridization section at 15 LD (close up image is shown in Fig. 2i). Probe for FT mRNA, FD mRNA and TFL1 mRNA were used. e, Control probe was used as a negative control (Method). Scale bars = 20 μm. f, RNA in situ hybridization images of cotyledon and shoot apical meristem cells expressing endogenous FT in Col-0 plants shifted to long days (LDs) after growth for 14 short days (SDs). Arrows indicate FT signal in cotyledonsand shoot apices. Scale bars = 50 μm. g, Confocal images of Col-0 shoot apical meristem cells co-expressing endogenous FT (yellow), FD (magenta) and TFL1 (turquoise) captured using multiplex fluorescent RNA in situ hybridization (RNAscope). Cells in the floral primordium that co-express endogenous FT, FD, and TFL1 are highlighted with a rectangle. The cell walls (light gray) were stained with Renaissance 2200. Scale bars = 20 μm.
Extended Data Fig. 4 Gel-filtration analysis of interaction between FT-TwinStrep (FT-TS) and 14-3-3 proteins and the interaction interface between 14-3-3 and FT is highly conserved in different species.
a–d, Size-exclusion chromatography and gel analysis of direct interaction between GRF2 (14-3-3ω), GRF6 (14-3-3ƛ), GRF9 (14-3-3μ), GRF10 (14-3-3ε) and FT proteins. e and f, Alignment of FT and 14-3-3 proteins in Arabidopsis and some other species, respectively. At: Arabidopsis thaliana, Sl: Solanum lycopersicum, St: Solanum tuberosum, Gm: Glycine max, Pt: Populus trichocarpa, Os: Oryza sativa, Ta: Triticum aestivum, Hv: Hordeum vulgare. Sequences can be found in Supplementary Table 1. g, Structural alignment of FT − 14-3-3 complexes from rice (PDB: 3AXY) and Arabidopsis (predicted by Alphafold2). h, Size-exclusion chromatography and gel analysis of MBP-FDT282E, FT, DNA and GRF7 mutant proteins. i, Size-exclusion chromatography and gel analysis of SEP3 DNA (24 bp). j,k, Gel-shift analysis of the interactions between single MBP-FDcT282E WT or combination of GRF7 and FT WT or mutant proteins with SEP3 WT (j) and LFY WT (k) DNA probes, respectively.
Extended Data Fig. 5 Dual functions of the basic domain of FD.
a, Multiple sequence alignment of group A bZIP proteins in Arabidopsis. Amino-acid residues conserved among all proteins are highlighted in red. Sequences can be found in Supplementary Table 1. b, Domain architecture of FD and alignment of the basic domain among group A bZIP proteins of Arabidopsis. c,d, Confocal images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FD wild-type (WT) or Mu1. The nuclei (magenta) were stained with DAPI. Scale bars = 20 μm. e, Quantification of nuclear signal intensity of mVenus-FD WT and mVenus-FD Mu1 proteins in shoot apical meristem cells from (c) and (d). Mann-Whitney U test was used to test whether the median of signal intensity of WT and Mu1 are different. Alpha value, WT vs. Mu1 = 0.00016. f, Flowering time (total leaf number, TLN) of transgenic fd-3 plants carrying gFD::3HA3Flag-FD Mu1. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16); n = 21 for gFD::3HA3Flag-FD Mu1, n = 12 for fd-3, and n = 11 for Col-0, respectively, all grown under long-days (LDs). g, RT-qPCR analysis of 2HA-mVenus-FD mRNA levels in shoot apices of transgenic fd-3 mutant plants carrying gFD::2HA-mVenus-FDWTand gFD::2HA-mVenus-FDMu1. All values are normalized to ACTIN2 levels. Data are presented as mean values ± SEM of three biological replicates. Statistical significance was determined by pairwise one-sided t-test [P (FDWT
vs. FDMu1) = 0.001527. Shoot apices were harvested from seedlings grown for 7 LDs. h, Western blotting analysis of the abundance of 2HA-mVenus-FD proteins in total (left panel) and nuclear (right panel) extractions in 7 LD-grown seedlings. i, RT-qPCR analysis of 3HA-3Falg-FD mRNA levels in shoot apices of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWTand gFD::3HA-3Flag-FDMu1. All values are normalized to ACTIN2 levels. Data are presented as mean values ± SEM of three biological replicates. Statistical significance was determined by pairwise one-sided t-test [P (FDWT
vs. FDMu1) = 0.563. Shoot apices were harvested as described in (g). j, Western blotting analysis of the abundance of 3HA-3Falg-FD proteins in total (left panel) and nuclear (right panel) extractions in 7 LD-grown seedlings. k, Modeled structure of the FDbZIP–DNA complex. k.1, Close-up of the predicted FD residues that interact with SEP3 DNA are colored by heteroatom. l, Windows for ChIP-seq analysis of the FD-binding profile to the SEP3 gene. The SEP3 DNA probes (28 bp) for EMSA experiments in (m) and Extended Data Fig. 4j are shown. m, Interactions between FDbZIP WT and Mu1 proteins and DNA probes analyzed by EMSA (gel shift). Western blots in h,j are are representative of two independent experiments.
Extended Data Fig. 6 Phosphorylation at T282 of FD is essential for its interaction with 14-3-3 proteins in vivo and in vitro.
a, The phosphopeptide of FD was analyzed by LC-MS/MS. The phosphorylation of T282 is revealed in MS2 spectra. The observed fragment ions are labeled on the spectrum and peptide sequence (phosphorylated T282 is marked in orange). b, Flowering time (total leaf number, TLN) of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWT, gFD::3HA-3Flag-FDT282E or gFD::3HA-3Flag-FDT282A in LDs. Different letters represent significant differences among genotypes (P < 0.05), using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16. c, Modeled structure of the FDSAP–GRF7 complex with phosphorylation, wild type (WT) or mutations on residue T282 (c.1–c.4). d–f, Volcano plots showing differential protein abundance based on label-free quantification. The log2-transformed fold change between genotypes FDWT to Col-0, FDT282A to Col-0 or FDWT to FDT282A is plotted against the -log10 of the adjusted p-value. Statistical significance was assessed using a two-sided t-test with permutation-based false discovery rate (FDR) correction (AdaPT method). Proteins with log2 (fold change) > 1 and FDR-adjusted p < 0.05 are highlighted in distinct colors as significant outliers. g–j, Size-exclusion chromatography and gel analysis of GRF7 with MBP-FD2–285 (T282E) (g, h) or MBP-FD2–285 (T282A) (i, j). Data are representative of two independent experiments.
Extended Data Fig. 7 The phosphorylation status at T282 does not affect the in vivo stability of FD protein, and 14-3-3 proteins, rather than FT protein, repress FD condensation in vivo and in vitro.
a, Flowering time [rosette leaf number (R) and cauline leaf number (C)] of T3 homozygous populations of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWT, gFD::3HA-3Flag-FDT282E or gFD::3HA-3Flag-FDT282A. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16). The sample sizes were as follows: n = 16 for gFD::3HA-3Flag-FDWT, n = 14 for gFD::3HA-3Flag-FDT282E, n = 12 for gFD::3HA-3Flag-FDT282A, and n = 11 and 12 for Col-0 and fd-3 seedlings, respectively, all grown under long-days (LDs). b, RT-qPCR analysis of FD mRNA levels in shoot apices of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWT, gFD::3HA-3Flag-FDT282E, gFD::3HA-3Flag-FDT282A, as well as Col-0 and fd-3 plants. All values are normalized to ACTIN2 levels. Data are the mean ± SEM of three biological replicates (n = 3). Statistical significance was determined by pairwise two-sided t-test [P (FDWT
vs. FDT282E) = 0.1914; P (FDWT
vs. FDT282A) = 0.0444; P (FDT282E
vs. FDT282A) = 0.0210]. Asterisks indicate significant differences (*P < 0.05); n.s., not significant (P > 0.05). Shoot apices were harvested from seedlings grown for 7 LDs. c, Western blotting analysis of the abundance of 3HA-3Flag-FD proteins in 7 LD-grown seedlings of the genotypes described in (a). d,e, Confocal images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FD (green) WT #19 or T282A #3. Cell walls (blue) were stained with Renaissance 2200. Scale bars = 2 μm. f, RT-qPCR analysis of FD mRNA levels in shoot apices of transgenic fd-3 mutant plants carrying gFD::2HA-mVenus-FDWT and gFD::2HA-mVenus-FDT282A. All values are normalized to ACTIN2 levels. Data are the mean ± SEM of three biological replicates (n = 3). Statistical significance was determined by pairwise two-sided t-test [P (FDWT #19
vs. FDWT #22) = 0.8709; P (FDWT #19
vs. FDT282A #9) = 0.1293; P (FDWT #19
vs. FDT282A #3) = 0.8384; P (FDWT #22
vs. FDT282A #9) = 0.0445; P (FDWT #22
vs. FDT282A #3) = 0.9998; P (FDT282A #9
vs. FDT282A #3) = 0.0401]. Asterisks indicate significant differences (*P < 0.05); n.s., not significant (P > 0.05). Shoot apices were harvested from seedlings grown for 7 LDs. g, Western blotting analysis of the abundance of 2HA-mVenus-FD proteins in 7 LD-grown seedlings of the genotypes described in (d) and (e). Western blots represent one of two independent biological replicates in (c) and (g). ACTIN was used as the loading control. h, i, Confocal images of shoot apical meristem cells of fd-3 or fd-3 ft-10 plants expressing gFD::mCherry-FD wild type (WT). Scale bars = 20 μm. h.1,i.1, Close-up images of cells from (N) and (O), respectively. Scale bars = 2 μm. j, Volcano plots showing differential protein abundance for FD in ft-10 mutants based on label-free quantification. The log2-transformed fold change between genotypes is plotted against the -log10 of the adjusted p-value. Statistical significance was assessed using a two-sided t-test with permutation-based false discovery rate (FDR) correction (AdaPT method). Proteins with log2 (fold change) > 1 and FDR-adjusted p < 0.05 are highlighted in distinct colors as significant outliers. k.1, Schematic of protein fusion used for in vitro phase separation assay and phase diagram of mScarlet1-FD2-285T282E droplets. k, In vitro phase separation of mScarlet1-FD2-285T282E droplets in the present or absent of GRF7 or FT. Scale bars = 10 μm. l, RNA-seq data for FD target genes in shoot apices of Col-0 wild type and fd-3 mutant across various developmental stages20. Data are the mean ± SEM of three biological replicates (n = 3). m, Schematic of FD protein fusion used for in vitro phase separation assay. n, o, Phase diagram of FDT282E and FDT282A droplets, respectively. Formation of FDT282E protein droplets was captured by optical microscopy. Scale bars = 10 μm. p, Gel-shift analysis of the interactions between single MBP-FD or combination of GRF7 or protease to remove the MBP tag from MBP-FD fusion proteins with wild-type (WT) or mutant SEP3 DNA probes. The confocal images in d,e,h,i are representative of three independent meristems. The results in k,n,o are representative of three independent experiments.
Extended Data Fig. 8 The A283W substitution mutation disrupts the interaction between the phosphomimic T282E FD and 14-3-3 proteins, resulting in FD condensation both in vivo and in vitro.
a, Multiple sequence alignment of the C4 (SAP) domain segment in group A bZIP proteins of Arabidopsis. Mutations in Mu9 are also shown. Amino-acid residues conserved among all proteins are highlighted in red. b, Modeled structure of the FDSAP–GRF7 complex with mutations on residue T282E (left) and T282E/A283W (right). c, Size-exclusion chromatography and gel analysis of GRF7 protein. d, Size-exclusion chromatography and gel analysis of MBP-FD2–285(T282E) and GRF7 proteins. e, Size-exclusion chromatography and gel analysis of MBP-FD2–285(T282E/A283W) and GRF7 proteins. Data in d,e are representative of two independent experiments with similar results. f, Schematic of FD protein fusion used for in vitro phase separation assay. g, Phase diagram of FDT282E (top) and FDT282E/A283W (bottom) droplets with or without GRF7 protein. Formation of FDT282E and FDT282E/A283W protein droplets was captured by optical microscopy. Scale bars = 10 μm. Data are representative of three independent experiments. h,i, Confocal images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FDT282E or gFD::mVenus-FDT282E/A283W, respectively. Cell walls (blue) and nuclei (magenta) were stained with Direct Red 23 and DAPI, respectively. Scale bars = 20 μm. The confocal images are representative of three independent meristems. j, Flowering time (total leaf number, TLN) of transgenic fd-3 mutant plants carrying gFD::mVenus-FDT282E/A283W. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16); n = 21 for gFD::mVenus-FDT282E/A283W, n = 16 for fd-3, and n = 13 for Col-0 seedlings respectively, all grown under long-days (LDs).
Extended Data Fig. 9 14-3-3 proteins enhance FD DNA binding by reducing oligomerization, and increasing dimerization, and altering its C-terminal conformation.
a,c, SEC-MALS analysis of purified MBP-FDcT282E protein alone (a) or with GRF7 (c) at increasing protein concentrations as shown in the graph. b,d, Gel-shift analysis of interactions between single MBP-FDcT282E (b), or combination of MBP-FDcT282E and GRF7 (d) with WT and mutant DNA probes at increasing FD protein concentrations. Similar concentration ranges of MBP-FDcT282E in (b) and (d) are marked by an asterisk. e, Domain architecture of FD and alignment of the dimeric region of group A bZIP proteins of Arabidopsis. Mutations (Mu2 to Mu6) are also shown. f, Modeled structure of FDc homodimer and a close-up of the predicted residues that contribute to dimer formation. g,h, SEC-MALS analysis of purified MBP-FDcT282E mutant proteins alone (g) or with GRF7 (h). i, Gel-shift analysis of the interactions between single MBP-FDcT282E WT or mutant proteins in the presence/absence of GRF7 and with the WT DNA probe. Curves, elution profiles on column, line traces and molar masses, are as derived from MALS in (a), (c), (g) and (h). j, Flowering time (total leaf number, TLN) of transgenic fd-3 plants carrying gFD::3HA-3Flag-FD Mu2–Mu6. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16); n = 33, 29, 33, 26, and 29 for gFD::3HA-3Flag-FD Mu2, Mu3, Mu4, Mu 5, and Mu6, respectively; and n = 24 and 23 for fd-3 and Col-0 seedlings respectively, all grown under long-days (LDs). k, Confocal images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FD Mu2–Mu6. Bar = 20 μm (bottom) and 2 μm (top). n represents the number of T1 plants for which signal could be detected. l, Flowering time [total leaf number, TLN, composed of rosette leaf number (RLN) and cauline leaf number (CLN)] of T3 homozygous populations of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWT and gFD::3HA-3Flag-FDMu3_L242A. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16); The sample sizes were as follows: n = 13 for gFD::3HA-3Flag-FDWT, n = 22 for gFD::3HA-3Flag-FDMu3, and n = 13 and 16 for Col-0 and fd-3 seedlings, respectively, all grown under long-days (LDs). See also Supplementary Table 1. m, RT-qPCR analysis of 3HA-3Flag-FD mRNA levels in shoot apices of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWTand gFD::3HA-3Flag-FDMu3_L242A. All values are normalized to ACTIN2 levels. Data are presented as mean values ± SEM of three biological replicates. Statistical significance was determined by pairwise one-sided t-test [P (FDWT
vs. FDMu3) = 0.44. n, Western blotting analysis of the abundance of 3HA-3Flag-FD proteins in 7 LD-grown seedlings of the genotypes described in l. Western blots are representative of two independent experiments. o, ChIP–qPCR analysis of FD enrichment in target gene regulatory regions in transgenic fd-3 plants expressing gFD::3HA3Flag-FD and gFD::3HA3Flag-FDMu3. Data are represented as means ± SEM of three independent experiments. Statistical significance was determined by pairwise one-sided t-test. The significant differences (P < 0.05) are highlighted in bold.
Extended Data Fig. 10 14-3-3 proteins enhance FD DNA binding by altering its C-terminal conformation.
a, Domain architecture of FD and alignment of C13 and SAP regions from group A bZIP proteins of Arabidopsis. Mutations (Mu7 and Mu8) of FD are also shown. b, Modeled and predicted structure of the DNA-bound FDc homodimer, DNA-bound FDc and GRF7 heterotetramer, and DNA-bound FDc Mu7 and Mu8. c, Gel-shift analysis of the interactions between single MBP-FDcT282E wild−type (WT) or mutant proteins or combination of GRF7 and MBP-FDc proteins with WT and MT DNA probes. d, Flowering time (total leaf number, TLN) of transgenic fd-3 plants carrying gFD::3HA3Flag-FD Mu7 and Mu8. Different letters represent significant differences among genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16; n = 26 and 27 for gFD::3HA3Flag-FD Mu7 and Mu8, respectively; and n = 24 and 23 for fd-3 and Col-0 seedlings respectively, all grown under long-days (LDs). The same data for Col-0 and fd-3 are also shown in j. e, Confocal images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FD Mu7 and Mu8. Scale bars = 2 μm. The confocal images are representative of three independent meristems. Gel-shift assays in c were performed twice with similar results.
Extended Data Fig. 11 Gel-filtration analysis of MBP-FDc215–285 WT and Mu7 and Mu8 mutant proteins with or without SEP3 DNA and in combination with the presence or absence of GRF7-6His protein.
Each panel shows size-exclusion chromatography and gel analysis: a, SEP3 DNA (24 bp). b, GRF7-6His. c–e, MBP-FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) and MBP-FDc215–285 (Mu8, T282A), respectively. f–h, MBP-FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) and MBP-FDc215–285 (Mu8, T282A), respectively, with SEP3 DNA. i–k, MBP-FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) and MBP-FDc215–285 (Mu8, T282A), respectively, with SEP3 DNA and GRF7-6His. The x- and y-axes indicate the elution volume and the protein absorption at 260 nm and 280 nm, respectively.
Extended Data Fig. 12 Model of Arabidopsis FAC formation and inferred scenario of bZIP, 14-3-3 and PEBP gene family evolution within the plant kingdom based on extended phylogeny.
a, SAM regions where FT is distributed and potential regions where transcribed mRNAs and transported proteins overlap. b, Model showing phosphorylated FD, 14-3-3 and FT proteins forming active small phase-separated condensates at specific DNA-binding sites of target genes during flowering. TFL1 is proposed to repress activity of FD in the vegetative stage, but how it is recruited into the FD − 14-3-3 complex is largely unknown. The mechanism in this study probably applies to a large clade of related plant bZIPs, 14-3-3 s and PEBPs, and is therefore highlighted and connected to these families in (c). Created in BioRender. Gao, H. (2025) https://BioRender.com/dkwe9w4. c, Circles with dots represent the inferred ancestral gene existence at each point of divergence of major plant groups; numbers on the left are estimated time of divergence expressed as millions of years ago (MYA).
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Abstract
The generation and maintenance of immunity is a dynamic process that is dependent on age1,2,3. Here, to better understand its progression, we profiled peripheral immunity in more than 300 healthy adults (25 to 90 years of age) using single-cell RNA sequencing, proteomics and flow cytometry, following 96 adults longitudinally across 2 years with seasonal influenza vaccination. The resulting resource generated a single-cell RNA-sequencing dataset of more than 16 million peripheral blood mononuclear cells with 71 immune cell subsets from our Human Immune Health Atlas and enabled us to interrogate how immune cell composition and states shift with age, chronic viral infection and vaccination. From these data, we demonstrate robust, non-linear transcriptional reprogramming in T cell subsets with age that is not driven by systemic inflammation or chronic cytomegalovirus infection. This age-related reprogramming led to a functional T helper 2 (TH2) cell bias in memory T cells that is linked to dysregulated B cell responses against highly boosted antigens in influenza vaccines. Collectively, this study reveals unique features of the immune ageing process that occur prior to advanced age and provides novel targets for age-related immune modulation. We provide interactive tools for exploring this extensive human immune health resource at https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/.
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Main
Tracking the dynamics of healthy immunity over the lifespan is critical for understanding susceptibility to infections, responses to vaccines and the onset of immune-related diseases that occur differentially across the ageing spectrum. Although many studies on immune age utilize single snapshots of the immune system to infer common features of this ageing process1,2,3, the function of immune cells is always dictated by some element of time. Innate immune cells (that is, monocytes and neutrophils) heavily engage in rapid and stochastic responses (hours to days), whereas adaptive immune cells (T and B cells) mediate slower but more durable memory responses (days to decades). Indeed, recent studies focused on longitudinal monitoring in the context of infection, vaccination and homeostasis have offered a unique view of age-associated changes in the immune system and provided deeper insights into the dynamic interplay of human immunity over time4,5,6.
The widespread implementation of single-cell RNA sequencing (scRNA-seq) has revolutionized our ability to dissect the complexities of the immune system, enabling deep interrogation of individual immune cells7. Combining scRNA-seq and other high-plex methods with longitudinal sampling offers unprecedented insights into the ongoing adaptation of the immune system at a single-cell level and the interactions between immune cells and their surrounding microenvironment. Notably, memory T cells and B cells have pivotal roles in long-term immunity, collectively orchestrating responses to pathogens and vaccines and uniquely adapting throughout a lifetime. The memory responses in mice and humans can be maintained for decades8,9. However, mouse memory T cells progressively accumulate unique transcriptional programmes over time8. Similarly, transcriptional alterations in T cells of humans have been increasingly recognized as a feature of advanced ageing10,11, and are associated with diminished immune responses and increased vulnerability to infections among older adults12. However, the breadth, variation and, in turn, stability of these changes across the peripheral immune compartment and their link to concurrent age-related immune dysfunction in people, including impaired vaccine-specific antibody production and a higher propensity for chronic viral re-activation, have not been fully explained.
Whereas most studies examine features of advanced age (more than 65 years of age), here we focus on individuals at the cusp of ageing (55- to 65-year-old adults; the ‘older’ group) compared with younger adults (25–35 years old; the ‘young’ group), to gain insight into the transition period between functional and diminished immunity. We longitudinally examined peripheral immune cells in these 96 healthy young adults and older adults over 2 years, with annual influenza (flu) vaccination and eight to ten time points per donor. These studies were further expanded to a secondary cohort of 234 healthy adults with age ranges into more advanced ageing (40 to more than 90 years of age). Using scRNA-seq, high-dimensional plasma proteomics and spectral flow cytometry, we investigated the cellular and molecular underpinnings of age-related changes in immune responsiveness to acute and chronic perturbation, revealing insights into the immune dysregulation that occurs during the healthy ageing process prior to advanced age.
Maintenance of human immunity over time
Studies on the longitudinal dynamics of immune responses in healthy individuals are limited. To address this gap, the Sound Life Project was launched, in which we prospectively recruited13 49 young adults (25–35 years of age) and 47 older adults (55–65 years of age), who were followed over 2 years (Supplementary Table 1). During this time, donors received two seasonal influenza vaccinations and up to ten blood draws (Fig. 1a). As part of this project, peripheral blood mononuclear cells (PBMCs) and plasma were collected at each time point for immune profiling using scRNA-seq, spectral flow cytometry and plasma proteomics, generating a rich resource on human immune health and age described here. We first analysed the circulating proteome, and found that frequencies of cells subsets marked by 69 proteins were differentially expressed with age (65 of these were increased with age and 4 were decreased; adjusted P value (Padj) < 0.05), including previously described markers of advanced ageing CXCL17, WNT9A and GDF15 (ref. 14) (Fig. 1b,c). We detected no significant differences in the classic inflammatory proteins TNF, IL-6 or IL-1B, or the recently described age-related marker IL-11 (ref. 15) (Extended Data Fig. 1a). Age-related alterations were maintained over time, with a similar pattern of circulating protein differences being observed one year later (Extended Data Fig. 1b,c). We found no significant changes in the circulating proteome with cytomegalovirus (CMV) infection status (CMV-seropositive (CMV+) or CMV-seronegative (CMV−)) and only one change after influenza vaccination. Thus, we find that circulating hallmarks of ageing persist over time in adults prior to advanced age and without systemic inflammation.
Fig. 1: Maintenance of age-related changes in the healthy human immune cell transcriptome over time.

a, Overview of the Sound Life cohort of healthy young adults (n = 49) and older adults (n = 47). Blood draws included flu (and no flu) vaccination time courses and stand-alone visits (outside the normal time-point collections). Created in BioRender. Gustafson, C. (2025) https://BioRender.com/jvjdw16. b, Volcano plot of age-related protein expression differences in the circulating plasma proteome at baseline (flu vaccination year 1, day 0). Two-sided adjusted P values from linear model with multiple-testing correction. c, Normalized CXCL17 and WNT9A protein expression over time in young adult and older adult plasma. Each donors’ samples are connected by a line. Linear regression line with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values. Distribution by age group is shown along the right margin of each plot. d, Uniform manifold approximation and projection (UMAP) of the 13.7-million PBMC longitudinal human immune aging dataset. DC, dendritic cell. e, The number of DEGs from DEseq2 analysis (minimal 10% gene expression cut-off, log2(fold change) > 0.1 and Padj < 0.05) of immune cells subsets from young adults and older adults at flu vaccination year 1, day 0. Heat map shows DEGs comparing males versus females (sex), CMV+ versus CMV− individuals (CMV), day 0 versus day 7 influenza vaccination (Flu vax) and day 0 versus day 7 no-vaccination (No vax) groups. ASDC, AXL+SIGLEC6+ dendritic cells; BaEoMaP, Basophil, eosinophil and mast progenitor cells; cDC1 and cDC2, conventional dendritic cells; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DN T, double negative T cells; ILC, innate lymphoid cells; MAIT, mucosal-associated invariant T cells; pDC, plasmacytoid dendritic cells. f, Bubble plot of the change in frequency (using centred log ratio (CLR) transformation) and number of DEGs at flu vaccination year 1, day 0 between young adults and older adults. Bubble size shows a combined metric of change defined as −log10(Padj from CLR frequency comparison) × DEG counts. Padj for CLR frequencies from Wilcoxon rank-sum test with Benjamini–Hochberg correction. g, RAM (upregulated genes), calculated as a composite score of the top upregulated DEGs for each subset with more than 20 DEGs, over time in young and older adults. Each donors’ samples are connected with a thin line. Linear regression line shown with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values. Distribution by age group is shown along the right margin of each plot.
Source Data
We next interrogated immune cell dynamics in healthy adults using scRNA-seq. Our longitudinal dataset with 71 immune cell subsets labelled using our newly developed Human Immune Health Atlas (Extended Data Fig. 2) consisted of more than 13.7 million PBMCs, with more than 3 million T cells, 1.2 million B cells, 1.1 million natural killer (NK) cells, 2.4 million monocytes, 123,020 dendritic cells and 10,431 haematopoietic precursors, resulting in a rich resource to interrogate age-related changes in peripheral immune cells. Examining RNA expression in 35 T cell, 11 B cell, 7 monocyte, 6 NK cell and 12 other subsets, including dendritic cells and haematopoietic precursors (Fig. 1d), we found that T cells exhibited many transcriptional changes with age (Fig. 1e). Few, if any, age-related transcriptional changes were observed in non-T cell subsets. T cell subsets early in differentiation showed the highest number of age-related differentially expressed genes (DEGs), with naive T cells having the highest number, followed by central memory T (TCM) cells and then effector memory T (TEM) cells. Magnitudes of age-related DEG counts in T cell subsets were similar one year later (Extended Data Fig. 1d). Moreover, patterns of T cell-specific transcriptional changes with age were distinct from those caused by differences in sex, chronic CMV infection or acute influenza vaccination (Fig. 1e). Age-related transcriptional changes did not directly correlate with cell composition (Fig. 1f and Supplementary Table 2). Indeed, core naive CD4 T cells show the most transcriptional changes (n = 331 DEGs), with no significant difference in frequency (Padj = 0.65) with age, whereas core naive CD8 T cells show both transcriptional (n = 182 DEGs) and frequency changes with age. Thus, T cells exhibit the most transcriptional and compositional alterations that occur prior to advanced ageing, whereas the other innate and adaptive immune compartments present few baseline changes.
The homeostatic ageing process has been linked with transcriptional variation16; however, how immune cell programming varies across human age is largely unknown. To further determine the stability of age-related transcriptional changes in T cells, we analysed transcriptional dynamics over 600 days in the 8 differential immune cell subsets: core naive CD8 T cells; core naive CD4 T cells; CD8 TCM cells; GZMK+CD27+ CD8 TEM cells; naive CD4 regulatory T (Treg) cells; CD4 TCM cells; GZMB−CD27− CD4 TEM cells; and GZMB−CD27+ CD4 TEM cells (Fig. 1e). For this analysis, we developed the RNA age metric (RAM), a subset-specific RNA composite score for upregulated (and downregulated) DEGs, as summary metric of age-related transcriptional programming (Extended Data Fig. 3a). As expected, RAM was higher in older adults across all subsets (Extended Data Fig. 3b), with transcriptional reprogramming occurring across the T cell compartment of individuals (Extended Data Fig. 3c). Older adults also maintained higher RAM than young adults over a 2-year period (Fig. 1g and Extended Data Fig. 3d). We further compared RAM (as an indicator of transcriptional reprogramming) to two well-established ageing parameters: (1) IMM-AGE6, based on cellular frequencies from our scRNA-seq data; and (2) Immune Health Metric (IHM)3, based on whole-blood transcriptomics data that were recently generated from our cohort samples13. All three ageing metrics were significantly correlated (Extended Data Fig. 4), suggesting that immune ageing occurs at intracellular (RAM), cellular (IMM-AGE) and multi-cellular (IHM) levels. Moreover, these data collectively reveal that the T cell compartment undergoes stable, transcriptional reprogramming before advanced ageing and in the absence of inflammation.
Common T cell reprogramming across age
To understand the broader dynamics of proteomic, compositional and transcriptional changes over the course of ageing, we performed immune profiling on a second cohort of healthy adults that spanned into advanced age (n = 234; 40 to more than 90 years) (Fig. 2a). The cohort demographics are presented in Supplementary Table 1. Consistent with our longitudinal cohort, proteomic analysis showed that circulating proteins altered with healthy age progressively accumulate across the ageing spectrum (for example, CXCL17, r = 0.7, Padj = 7.53 × 10−34). Although there were modest correlations of IL-6 (r = 0.35, Padj = 2.93 × 10−7) and IL-11 (r = 0.26, Padj = 3.27 × 10−4) with advanced age, we found no age-related association of the classical inflammatory markers TNF and IL-1B (Fig. 2b), suggesting that distinct types of inflammation may contribute to immune dysregulation later in life.
Fig. 2: Dynamics of the healthy human immune landscape across age.

a, Overview of the follow-up cohort of healthy adults (n = 234) ranging in age from 40 to 90 years. Created in BioRender. Gustafson, C. (2025) https://BioRender.com/jvjdw16. b, Normalized protein expression (NPX) of selected age- and inflammation-related serum proteins in our follow-up cohort, with donors ordered by age. c–e, Composition of CD8 T cell (c), CD4 T cell (d) and B cell (e) compartments across ages from the 3.2-million PBMC follow-up scRNA-seq dataset. f,g, Mean RAM (upregulated genes) for the top age-affected immune cell subset across ages for the follow-up cohorts (f) and two external immune ageing datasets17,18 (g). LOESS regression line shown with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values. h, Heat map of mean RNA expression by age for selected upregulated genes identified from initial DEG analysis in the three independent immune ageing datasets. i, RAM comparison for T cell subsets from human mesenteric (n = 21) and thoracic (n = 21) lymph nodes across ages. LOESS regression line shown with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values (Gene Expression Omnibus (GEO) GSE299043). j, RAM comparison for T cell subsets from young adults (20–40 years of age) who are at risk for the development of rheumatoid arthritis (determined by the presence of anti-citrullinated protein autoantibodies; before RA (Pre-RA); n = 23) and healthy controls (n = 6). P values from two-sided Wilcoxon rank-sum test. Box plots show median (centre line), 25th–75th percentiles (box), 1.5× interquartile range (IQR) (whiskers) and all data points (GEO GSE274680).
Source Data
Using our follow-up scRNA-seq dataset from more than 3.2 million PBMCs, we initially confirmed known hallmarks of immune ageing, including a continuous decrease in core naive CD8 T cells (r = −0.56, P < 2.2 × 10−16) (Fig. 2c,d) and an expansion of CD27− effector B cells (that is, ‘age-associated B cells’) (r = 0.21, P = 0.00098) (Fig. 2e). We then used RAM to track T cell reprogramming and found continuous but non-linear increases in RAM of the eight age-susceptible T cell subsets with age (Fig. 2f). A similar increase was found in two independent scRNA-seq datasets17,18, encompassing more than 1,000 healthy adults (Fig. 2g). Assessing common genes of RAM across subsets, we identified 26 genes that were downregulated with age and 36 that were upregulated with age, including genes associated with effector differentiation (such as PTGER2), intracellular signalling responses (SESN3), cell state polarization (IL16) and apoptosis (STK17A) (Fig. 2h). Utilizing a recently released human tissue atlas19, we also found increasing RAM in multiple T cell subsets in human lymph nodes across age (Fig. 2i), indicating that T cell reprogramming is not just a feature of peripheral blood. Additionally, RAM may be useful to track acceleration of immunological age related to disease onset. To test this theory, we used RAM to analyse transcriptional ageing in a cohort of young adults (20–40 years of age) who were at risk for the development of an age-related autoimmune rheumatoid arthritis20. Notably, we found increased RAM specifically in CD4 TCM cells in at-risk adults compared with age-matched healthy controls (Fig. 2j); this T cell subset is known to contribute to the development of autoantibodies in people with clinically diagnosed disease. Thus, these analyses reveal conserved, transcriptional reprogramming in T cell subsets that progressively develops across healthy human age and can be utilized as an indicator of immunological ageing across health and disease.
Distinct effects of CMV infection and age
CMV is a chronic pathogen that can contribute to low-grade inflammation over time. However, we found no differences in the circulating proteome or increased systemic inflammation between CMV+ and CMV− healthy adults prior to 65 years of age. Thus, to better assess the effect of CMV infection on the immune landscape, we performed a detailed comparison of the 71 immune cell subsets between CMV+ and CMV− individuals in our longitudinal (CMV+: n = 44; CMV−: n = 52) and follow-up (CMV+, n = 136; CMV−, n = 98) cohorts. Using both Wilcoxon and permutation testing, we found three conventional T cell subsets (KLRF1+/−GZMB+ CD8 TEM and KLRF1−GZMB+ CD4 TEM cells), 2 unconventional T cell subsets (KLRF1+/− effector Vδ1 γδ T cells) and 1 NK cell (adaptive NK cells) to be consistently and significantly increased with CMV infection (Fig. 3a and Supplementary Table 3). These same immune cell subsets showed expansion after CMV seroconversion (Fig. 3b). We next compared the age-associated changes in these expanded subsets in CMV+ individuals. No age-related differences in the frequencies of the terminal-like effector T cell subsets, KLRF1+/−GZMB+ CD8 TEM cells were detected in CMV+ adults at baseline or over a 2-year period (Fig. 3c,d), possibly due to our cohort age range. There was, however, a significant decrease in adaptive NK cells (Padj = 0.01) with age, which was maintained over a 2-year period and confirmed by flow cytometry (Fig. 3e,f). Adaptive NK cells from CMV+ older individuals also showed a trending decrease in expression of KLRC2, a lineage-defining marker (Fig. 3g), indicating potential changes in intracellular programming. Notably, although CMV infection itself altered the transcriptomes of responding subsets, we found few, if any, age-related transcriptional differences in these subsets (Fig. 3h). CMV infection also did not alter RAM in age-susceptible T cell subsets (Fig. 3i), indicating that chronic CMV infection does not accelerate transcriptional ageing in T cells. Consistently, no differences in senescence or proliferative pathway gene set enrichment were detected with age (P > 0.05 for all comparisons). Thus, we collectively demonstrate that CMV re-shapes the peripheral immune system in a fashion that is maintained over time but transcriptional reprogramming caused by CMV infection is distinct from healthy ageing.
Fig. 3: Effect of CMV infection and age on the peripheral immune cell landscape.

a, Bubble plot comparison of the change in frequency of cell types (using CLR transformation) between CMV+ adults (n = 44) and CMV− adults (n = 52) at flu vaccination year 1, day 0 in our main cohort and CMV+ adults (n = 136) and CMV− adults (n = 98) in our follow-up cohort. Bubble size shows −log10(Fisher P value) combined from two-sided adjusted P values derived from the main cohort comparison and follow-up cohort frequency comparison using the Wilcoxon rank-sum test. b,c, UMAP of T cell and NK cell subsets in one young adult CMV sero-converter over time (b) and in CMV+ and CMV− young adults and older adults (c), highlighting immune cell subsets that consistently increase in frequencies in CMV+ individuals. d, Selected subset frequencies among PBMCs over time in young and older adults. Linear regression line shown with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values. Distribution by age group is shown along the right margin of each plot. e, Representative flow plots of CD57 and KLRC2 (also known as NKG2C) protein expression in NK cells. Adaptive NK cells are defined as CD57+KLRC2+ NK cells. f,g, Adaptive NK cell frequencies (f) and mean fluorescence intensity (MFI) of KLRC2 expression on adaptive NK cells (g) in young CMV− adults (n = 12), young CMV+ adults (n = 12), older CMV− adults (n = 12) and older CMV+ adults (n = 12), from spectral flow cytometry analysis. P values from two-sided Wilcoxon rank-sum test. h, Heat map showing mean number of DEGs from CMV+ versus CMV− groups and young versus older CMV+ adults. i, RAM (upregulated genes) in age-susceptible T cell subsets split by age and CMV infection status. P values from two-sided Wilcoxon rank-sum test. Box plots show median (centre line), 25th–75th percentiles (box), 1.5× IQR (whiskers) and all data points.
Source Data
B cell responses to vaccination with age
It is well known that age affects the ability of an individual to make effective, long-lasting antibody responses to vaccination21,22,23, but less is known about functional B cell responses in healthy ageing. To study this, we identified 43 young adults and 45 older adults who received the same 2020–2021 inactivated, non-adjuvanted quadrivalent flu vaccine in their first year of sample collection (Fig. 4a). At days 0, 7 and 90 after vaccination, we examined influenza-specific immunoglobulin G (IgG) antibody levels and their functional properties using a custom haemagglutination inhibition (HAI) assay for multiple influenza vaccine strains. Strains in each seasonal flu vaccine are provided in Extended Data Fig. 5a. There were minimal differences between young adults and older adults in flu-specific HAI against most influenza strains, with the notable exception of influenza B/Phuket, which has been a component of the flu vaccine since 2015 (Extended Data Fig. 5b, c). B/Phuket-specific HAI was significantly lower in older adults, both at baseline and at 7 days after vaccination (Extended Data Fig. 5d). To understand differential response capacity independent from baseline levels, we assessed ‘response’ (day 0 versus day 7) and ‘durability’ (day 7 versus day 90) for each vaccine strain, accounting for sex, CMV and baseline inhibition levels via linear modelling. Although there was cohort heterogeneity in the response to multiple influenza (Fig. 4b), we observed a reduced number of high responders to B/Phuket in older adults that was consistent across flu seasons (Fig. 4c), highlighting both lower baseline inhibition and fewer higher responders in older adults (Fig 4c,d). We found no age-related difference in durability of HAI responses (Extended Data Fig. 5e–h). These data indicate that although most responses to flu vaccines are intact, the magnitude of the functional antibody response to repetitively boosted flu antigens is reduced prior to advanced age.
Fig. 4: Age-associated B cell responses to influenza vaccination.

a, Overview of flu vaccination cohort and study design. Created in BioRender. Gustafson, C. (2025) https://BioRender.com/il0up22. b, Circos plot of HAI responses to season flu strains, comparing days 0 and 7 after vaccination in 2020–2021 and 2021–2022 flu seasons. c, HAI response group distribution by age for BYam virus strain (B/Phuket). Response scores are stratified into higher (top 25%), middle (middle 50%) and lower (bottom 25%). d, HAI mean per cent inhibition for young adults (YA: n = 43) and older adults (OA: n = 45) at day 0, 7 and 90 after vaccination. P values from two-sided paired Wilcoxon signed-rank test. e, UMAP of memory B cell subsets and their differential abundance before vaccination and day 7 after vaccination using Milo. f, Volcano plot of DEGs (DESeq2, two-sided, unadjusted P values) for CD27− effector memory B cells comparing young (n = 26) and older (n = 42) adults at day 7 after vaccination. Dark dots signify significantly different genes, light dots indicate nominal significance, and grey dots show no significant difference with age. g,h, Longitudinal expression of activation genes (g) and immunoglobulin genes (h) in CD27− effector memory B cells, averaged for each age at each timepoint. i, Representative flow cytometry plot of CD19 and IgG protein expression on CD27− effector memory B cells in young (n = 6) and older (n = 6) adults at day 7 after vaccination. j, B/Phuket-specific IgG levels in plasma at day 0, 7 and 90 after vaccination for young (n = 43) and older (n = 45) adults. P values from paired two-sided Wilcoxon signed-rank test for within-group comparisons and unpaired two-sided Wilcoxon rank-sum test for cross-group comparisons. k, B/Phuket-specific IgG2 and IgG3 levels normalized to total B/Phuket-specific IgG levels at day 7 after vaccination for young (n = 10) and older (n = 14 for IgG2; n = 15 for IgG3) adults. P values from two-sided Wilcoxon rank-sum test. l, Spearman correlations comparing flu-specific responses with RAM for TCM cells. Box plots show median (centre line), 25th–75th percentiles (box), 1.5× IQR (whiskers) and all data points.
Source Data
We previously observed that memory B cell subsets exhibited transcriptional changes after vaccination (Fig. 1e); thus, we next examined differences in flu vaccine-induced responses in B cells with age. We observed robust increases in plasma cell, CD27− effector memory cell and CD95+ memory B cell frequencies after vaccination in both young adults and older adults, whereas core memory and type 2 polarized memory B cell subsets showed reduced expansion in older adults (Fig. 4e and Extended Data Fig. 6a). We confirmed these observations using flow cytometry, which showed strong correlations with B cell frequencies detected through RNA sequencing (Extended Data Fig. 6b). Collectively, we observed minimal differences in vaccine-related plasma cells or CD27− effector memory B cell frequencies with age.
We next interrogated transcriptional profiles at day 7 after vaccination. Plasma cells exhibited pathway enrichment indicative of higher activation (Extended Data Fig. 6c), whereas core memory B cells demonstrated lower MYC activation in older adults, aligning with their limited expansion (Extended Data Fig. 6d). By contrast, CD27− effector memory B cells exhibited continuously reduced reactive oxygen species signalling in older adults (Padj = 0.04; normalized enrichment score, 1.77; Extended Data Fig. 6e,f), indicative of reduced responsiveness to flu vaccine24. Older adults also had lower expression of genes associated with functional effector memory B cells (Fig. 4f,g), including lineage-defining genes (for example, FCRL5, CD19 and MAS4A1) and activation genes (ZEB2, TBX21 and BATF). Expression of the unswitched isotype immunoglobulin genes IHGM and IGHD was increased in older adults, suggesting reduced B cell affinity maturation. Indeed, a key feature of effective B cell responses to flu vaccination is IgG class-switching and, thereby, increased production of IgG. Notably, CD27− effector memory B cells from older adults displayed consistently lower expression of IgG genes at day 7 (Fig. 4h), highlighting altered class-switching among this memory subset with age. Using a cytometry-based B cell annotation strategy25, we confirmed the reduced frequency of IgG+CD27− effector memory B cells in older adults after vaccination (Fig. 4i and Extended Data Fig. 6g). This subset also expressed less CD19 protein in older adults (Extended Data Fig. 6h), corresponding to their age-related gene expression profiles. Thus, CD27− effector memory B cells, an important subset in the development and maintenance of antibody responses to flu vaccination24,26, display altered transcriptome and less IgG with age, which is consistent with lower B/Phuket-specific IgG in older adults (Fig. 4j).
Influenza vaccination classically induces strong IgG1 and IgG3 responses27. Notably, CD27− effector memory B cell subset demonstrated altered IgG isotype expression with IGHG2 being more highly expressed than IGHG1, IGHG3 and IGHG4 in older adults (Fig. 4h). Thus, we hypothesized that flu-specific IgG isotype responses may be altered with age. An assessment of flu strain-specific IgG2 and IgG3 levels showed that levels of IgG3 for all strains increased after vaccination, whereas IgG2 levels only increased for B/Phuket (Extended Data Fig. 7a,b). This increase in B/Phuket haemagglutinin (HA)-specific IgG2 was observed in both young adults and older adults, but to a greater degree in the older adults. Indeed, we observed a significant skewing in the IgG2/IgG3 ratio in older adults (P = 0.048), with the relative amount of B/Phuket-specific IgG2 on day 7 increasing in older adults (Fig. 4k). A increasing trend in IGHG2/IGHG3 RNA ratios was also found in flu-specific core memory B cells from older (more than 65 years of age) adults in an independent dataset28 (Extended Data Fig. 7c,d). IgG class-switching requires T cell help. Consistently, flu-specific IgG2/IgG3 skewing, effector memory B cell activation and flu-specific HAI correlated with transcriptional reprogramming of memory T cells (Fig. 4l). This suggests that age-related changes in memory T cell reprogramming may contribute to altered B responses to seasonal flu vaccination in older adults.
TH2 bias and B cell responses with age
Memory CD4 T cells have a critical role in supporting B cell activation, class switching and affinity maturation29. However, activated follicular helper T (TFH) cells (defined as ICOS+CD38+PD1+CXCR5+ CD4 T cells) show no frequencies differences at day 7 after vaccination with age (Extended Data Fig. 8a). These data, in tandem with similar frequencies of plasma cells (Extended Data Fig. 6a), indicate that the general process of antigen-specific activation and expansion are maintained throughout healthy adulthood. Thus, we hypothesized that transcriptional reprogramming of memory CD4 T cells may alter their functionality with age. Using recently described transcriptional T cell state signatures30, we compared TFH states of CD4 TCM cells between age groups. TFH signatures, including expression of the main lineage-defining marker CXCR5, in CD4 TCM cells decreased with age (Extended Data Fig. 8b–d). This is consistent with reduced, albeit not statically significant, CXCR5 protein levels on CD4 TCM cells from older adults (Extended Data Fig. 8e). Moreover, CD4 TCM cells from older adults had reduced receptor–ligand interaction propensity with core memory B cells (Extended Data Fig. 8f), stemming from reduced CD40LG expression in CD4 TCM cells but no reduction in CD40 expression in core memory B cells (Extended Data Fig. 8g). Consistently, CD40 expression by influenza HA-specific core memory B cells was similar between young adults and older adults (more 65 years of age) (Extended Data Fig. 7e). However, in vitro T cell receptor (TCR) activation upregulated CD40LG protein levels to a similar degree on CD4 memory T cells regardless of age, except in more differentiated CD27− CD4 TEM cells (Extended Data Fig. 8h). Thus, the B cell helper capacity within CD4 TCM cells appears to be relatively intact in adults prior to advanced age.
In vitro human studies link skewing of IgG2 and IgG3 class-switching to IL-4 stimulation of B cell subsets31. Thus, we next interrogated differences in T helper 1 (TH1)-like, TH2-like and T helper 17 (TH17)-like states of the T cell compartment with age. Although we observe no increase of T helper-associated cytokines in the circulation with age (Extended Data Fig. 9a,b), older adults exhibited a significant skewing of TH2-like state in CD4 TCM cells compared with young adults (Fig. 5a). The increased TH2-like state was maintained over time in older adults (Fig. 5b). Moreover, we found a continuous increase in the TH2-like state in CD4 TCM cells into advanced age (Fig. 5c). Neither TH1-like states nor TH17-like states changed significantly with age or over time. To confirm the association between age and the development of TH2-like states, we utilized a tri-modal TEA-seq dataset (incorporating scRNA-seq, epitope and chromatin accessibility data) to simultaneously interrogate transcription factor activity and CD4 T cell states32. Using RNA-based pseudotime to order CD4 T cells by transcriptional similarity (Fig. 5d), we analysed the corresponding single-cell assay for transposase-accessible chromatin with sequencing (scATAC-seq) data for transcription factor motif enrichment in open chromatin regions and compared this with predicted transcription factor activity. Activity of GATA3, an important TH2-associated transcription factor, was significantly increased across the memory CD4 compartment with increasing age, including in CXCR5+ and CXCR5− CD4 TCM cells (CD4 TCM cells, P = 0.00016) (Fig. 5e). Indeed, GATA3 activity directly correlated with the TH2-like transcriptional state in CD4 TCM cells (r = 0.56, P = 0.026). Moreover, activities of other TH2-related transcription factors, including STAT6, STAT5A and IRF4, increased in association with GATA3. The activity of TBX21, the main TH1-associated transcription factor, did not change significantly with age. Notably, memory CD8 T cell subsets also demonstrated increased GATA3 activity with age (Extended Data Fig. 9c,d), implicating broad TH2-like skewing across the memory T cell compartment.
Fig. 5: Accumulation of altered TH2-like states in memory T cells with age.

a, Triangle plots of TH1, TH2 and TH17 state scores in CD4 TCM cells from young adults and older adults (n = 96). b, TH1 and TH2 state scores in CD4 TCM cells over time in young and older adults. Linear regression line shown with 95% confidence interval in grey. Spearman’s rank correlation coefficients with two-sided P values. Distribution by age group is shown along the right margin of each plot. c, Triangle plots of TH1, TH2 and TH17 state scores in CD4 TCM cells from our follow-up cohort (n = 234). d, RNA-based trajectory analysis of CD4 T cells from the T cell TEA-seq dataset. e, TH1- and TH2-related transcription factor motif accessibility differences based on Chromvar analysis of scATAC-seq data from TEA-seq across CD4 T cells from children (n = 8) and older adults (n = 8). Teal indicates lower accessibility in older adults compared with children and bronze indicates higher accessibility in older adults compared with children. Top plot shows cell subset distribution across path 1. f, Chromatin accessibility tracks of the IL4 gene region in CD4 TCM cells. Chr. 5, chromosome 5. g, Concentration of IL-4 secreted from T cells of young (n = 16) and older (n = 16) adults after 4 h and 24 h of stimulation with anti-CD3 and anti-CD28. P values from two-sided Wilcoxon rank-sum test. Box plots show median (centre), 25th–75th percentiles (box), 1.5× IQR (whiskers) and all data points. h, Representative IL-4 and IFNγ expression by memory CD4 T cells, determined by flow cytometry. i, Heat map of IFNγ−IL-4+ memory T cell frequencies from young (n = 12) and older (n = 12) adults rested for 4 h without TCR stimulation. P values from two-sided Wilcoxon rank-sum test. j, Spearman correlations of IFNγ−IL-4+ CD4 TCM cells with RAM in CD4 TCM cells and IL-4 secretion after TCR stimulation with frequencies of IFNγ−IL-4+ CD4 TCM cells and normalized B/Phuket-specific IgG2 levels at day 7 after vaccination. Spearman’s rank correlation coefficients with two-sided P values.
Source Data
Classically, TH2 skewing associates with higher propensity to secrete IL-4. Consistent with higher GATA3 activity and a TH2-like transcriptional state, older adults exhibited increased chromatin openness at the IL4 locus in CD4 TCM cells (Fig. 5f) and significantly higher IL-4 production from their T cells after TCR activation (Fig. 5g). Increased populations of IFNγ+IL-4+CD27+ memory CD8 T cell subsets in older adults were observed after TCR stimulation, although this was not significant (P = 0.056) (Extended Data Fig. 9e,f), and this was associated with increased B/Phuket-specific IgG3 at day 7 after vaccination (Extended Data Fig. 9g). Moreover, multiple memory CD4 and CD8 T cell subsets displayed significantly higher spontaneous IL-4 production in older adults, aligning with our trajectory analyses suggesting TH2-like state predisposition across multiple T cell subsets (Fig. 5h,i). The frequencies of spontaneous IFNγ−IL-4+ CD4 TCM cells strongly correlated with CD4 TCM cell RAM (P = 0.0043) and IL-4 production (P = 0.0081) (Fig. 5j), demonstrating a direct link between transcriptional state of CD4 TCM cells and downstream functionality. Moreover, B/Phuket-specific IgG2 levels at day 7 after vaccination positively correlated with IL-4 production (P = 0.037). Collectively, we demonstrate that memory T cells in adults becomes progressively skewed towards TH2-like states prior to advanced age and that this reprogramming associates with reduced memory B cell activation, altered class-switching and diminished antibody function with increasing age and repeated antigen exposure.
Discussion
Human ageing is a non-linear process33. Similarly, age-associated diseases such as cardiovascular or neurodegenerative diseases have risk profiles that do not increase proportionally with age34,35,36. Autoimmune disorders such as multiple sclerosis, systemic lupus erythematosus and inflammatory bowel disease also show non-linear risk trajectories with age, with a mean age of diagnosis around 50 years of age37. Understanding the inherent complexities of the immune system over time is essential for elucidating drivers of these age-associated diseases, as well as the healthy ageing process. In this study, we add to this growing and clinically important literature by providing a comprehensive analysis of the ageing human peripheral immune system and its cellular and molecular dynamics over time. We studied features of the healthy peripheral immunity that precede functional decline with advanced ageing (that is, more than 65 years of age), and established that early differentiated T cells were the major immune cell types involved in transcriptional ageing. There was little to no age-related effect on the more terminal memory T cell subsets, in contrast to inflammatory, senescent or exhausted T cell features that are commonly associated in advanced ageing studies38,39. We propose that the reported transition towards exhaustion may occur in more advanced age, reflected in the non-linear trajectories of the RAM noted across our cohorts. These findings, alongside remarkably stable transcriptional programming in many other immune subsets over ages, suggest that immune ageing unfolds not as a steady decline, but as a dynamic, non-linear process shaped by both intrinsic and extrinsic factors.
To better understand the dynamic processes that drives immune alterations, we more deeply interrogated immune responses associated with acute (influenza vaccine) and chronic (CMV infection) perturbations with age. CMV infection, a viral infection that is implicated in chronic immune activation and modulation of protective immunity in adults40, led to the acquisition of longitudinally stable, terminally differentiated cytotoxic T cell subsets and adaptive NK cells. However, CMV-responding subsets did not display transient or cumulative reprogramming as one may expect from recurring or continuous immune perturbation during the ageing process. Given that CMV activation and exposure significantly influence the success of solid-organ transplantation41, further research into the persistent cytotoxic reshaping of the immune cell landscape and its potential role in immune-mediated disease risk across more advanced ages is warranted.
The ability to respond to vaccination is critical for protective immunity. By studying the influenza vaccine responses, we were able to identify molecular mechanisms driving reduced protective responses with age. Specifically, the CD27− effector B cell subset population of older adults demonstrated lower reactive oxygen species signalling pathway activity, lower frequencies of IgG+ cells28, and a reduced gene programme affiliated with long-lived humoral responses in the context of influenza vaccination24, as well as altered IGHG gene expression that associate with higher IgG2/IgG3 skewing in the flu-specific IgG repertoire specifically against highly boosted antigens with increasing age. This skewing is consistent with the expected IgG2-bias switching induced by the addition of IL-4 to human memory B cell in vitro31. The involvement of the effector B cells, along with TH1 cells, both of which express Tbet, was also recently shown to be necessary in predicting influenza vaccine responses42. Consistently, the only described Tbet-deficient patient presents with impaired effector B cell development and high levels of TH2 cells43,44. We also find a progressive accumulation of a TH2 bias state in memory T cells across ages. This aligns with the increase in TH2 CD4 T cells previously shown in advanced age17,45. The expression of GATA3, the main TH2-driving transcription factor, can be modulated by several features linked with age, including DNA damage, TCR signalling strength and IL-2 responses46,47. GATA3 in tandem with functional TH2 skewing is closely associated with reduced TCR signalling strength, including in patients with inborn errors in this pathway48. Thus, we postulate that this age-dependent TH2 bias in CD4 T cells and CD8 T cells is broadly driven by reduction in T cell signalling strength over time. Moreover, the spontaneous generation of IL-4 from TH2-biased T cells can lead to the development of autoimmune-like disorders, including IgG isotype skewing in mice49. Similarly, we find higher spontaneous levels of IL-4 in memory T cells linked to flu-specific IgG2/IgG3 isotype skewing and accelerated transcriptional reprogramming of CD4 TCM cells in young adults at risk for rheumatoid arthritis, an autoimmune disease. Thus, age-related transcriptional programming in T cells may contribute, not just to reduced vaccine responses, but also to dysregulation of immune tolerance and increased risk for certain autoimmune diseases.
Collectively, our study provides a unified model of immune ageing in which TH2-biased T cell reprogramming with age promotes reduced effector B cell activation, altered antibody class-switching and impaired antibody functionality in settings of repetitive antigen exposure. We also demonstrate that the stable state of peripheral immune cell subsets changes with age and affects immune responsiveness independently of overt systemic inflammation or underlying chronic CMV infection. These studies highlight the importance of considering age in the design of vaccination strategies, cell-based therapies and clinical immune-focused treatments. Future studies to identify mediators of age-specific changes at the sites of active immune responses—secondary lymphoid tissues19,42—and on how differing dynamics of antigen-specific exposures (for example, acute but repetitive versus continuous) shape immunity will provide deeper insight into healthy immunity and its regulation during the ageing process, and its contribution to health and disease.
Methods
The Sound Life study cohort
Healthy 25- to 35-year-old and 55- to 65-year-old adult donors were prospectively recruited from the greater Seattle, Washington, USA, area as part of the Sound Life Project, a protocol (IRB19-045) approved by the Institutional Review Board (IRB) of the Benaroya Research Institute. All adult participants provided informed consent before participation. Donors were excluded from enrolment if they had a history of chronic disease, autoimmune disease, severe allergy or chronic infection. All blood samples were collected, processed to PBMCs through a Ficoll-based approach and frozen within 4 h of blood draw. Plasma samples were processed, aliquoted and frozen within 4 h of blood draw. Basic demographics are provided in Supplementary Table 1. Extensive clinical data were collected on donors at each blood draw and is available for detailed exploration at https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/vis/clinical/. Donors received the following inactivated, quadrivalent influenza vaccinations based on the corresponding flu season; FLUARIX Quadrivalent in 2019-2020 and 2021–2022 and Fluzone in 2020–2021.
Follow-up cohort
Under a protocol approved by the Stanford University IRB, 234 paired PBMCs and serum samples were retrospectively selected from a cohort of healthy adults, ages 40 years and older, recruited from the greater Palo Alto, California, USA area2. All participants provided informed consent before participation and these subsequent studies were approved by the Allen Institute IRB. Basic demographics for the selected follow-up cohort are provided in Supplementary Table 1.
Olink Explore
The Olink Explore 1536 platform was used for the Sound Life cohort plasma samples to measure relative expression of 1,472 protein analytes. The Olink Explore 3072 platform was used to measure expression of 2,943 protein samples in serum samples of the follow-up cohort. Samples were randomized across plates to achieve a balanced distribution of age and sex. Bridging controls were used in each run for cross-batch normalization.
scRNA-seq via 10x Genomics
scRNA-seq was performed on thawed PBMCs as previously described50. Chromium 3′ v.3 chemistry was used for scRNA-seq of the Sound Life cohort. In brief, thawed PBMCs were stained for oligonucleotide-tagged antibodies (HTO) and overloaded on Chip G wells (10x Genomics, 20000177) at 64,000 cells. cDNA amplification was done with HTO additive primer spiked in the master mix. HTO and GEX products were then separated using SPRI-Select (Beckman Coulter, B23319) bead-based cleanup before carrying forward into separate library indexing reactions. Chromium Fixed RNA profiling was used for scRNA-seq of the follow-up cohort with bridging controls included for cross-batch normalization downstream. In brief, up to two million cells per sample were processed (10x Genomics, 1000414) and probes were hybridized (10x Genomics, 1000476) per the manufacturer’s instructions. Samples were pooled and loaded onto two wells of Chip Q (10x Genomics, 2000518) for gel beads-in-emulsion generation, and subsequent library generation. Libraries were sequenced using a NovaSeq X 25B 300 cycle flow cell or NovaSeq S4 200 cycle flow cell, depending on total read requirements at either Clinical Research Sequencing Platform at the Broad Institute (https://broadclinicallabs.org/) or Northwest Genomic Center at the University of Washington (https://nwgc.gs.washington.edu/). Samples were then computationally resolved and quality-checked using in-house pipelines.
Human CMV serology
Viral serology testing for human CMV was performed at the University of Washington’s Clinical Virology Laboratory in the Department of Laboratory Medicine (https://depts.washington.edu/uwviro/). Plasma or serum samples (200 µl) were run through the FDA-approved LIAISON CMV IgG Assay to qualitatively detect CMV IgG class antibodies. Results were reported for each sample as ‘positive’ or ‘negative’ along with a CMV antibody screen index value ranging from <0.20 to >10.00.
Adaptive NK cell flow cytometry
Between 1 and 2 million PBMCs seeded in 96-well U-bottom plates were stained for viability, Fc blocked, and then stained with a surface marker antibody cocktail (Supplementary Table 4) using BD Brilliant Staining Buffer (BD Biosciences, 563794) for 30 min at 4 °C. The samples were then washed, fixed for 60 min at room temperature, Fc blocked and permeabilized for 10 min at room temperature. Cells were then incubated with an intranuclear antibody staining cocktail using the eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermofisher, 00-5523-00) for 60 min at 4 °C, washed, fixed, washed again, resuspended and acquired on a BD Symphony (5L) flow cytometer. Data were collected by using BD FACSChorus (v.2).
HAI influenza-specific antibody serology
The Meso Scale Discovery (MSD) 96-well HAI 9-plex Assay measures neutralizing antibodies in human plasma that block the binding of labelled red blood cell vesicles to trimeric Influenza HA antigens, specific for the following lineages: A/Brisbane, A/Cambodia, A/Guangdong, A/HongKong, A/Kansas, A/Shanghai, A/Wisconsin, B/Phuket and B/Washington. In brief, MSD 96-Well 10-Spot multi-array plates coated with 9 trimeric flu HA antigens were blocked and then pretreated human plasma samples (to remove sialic acid residues) diluted 5,000-fold along with HA reference standards were added to the plate. Plates were shaken for 2 h at 15 °C to 25 °C, ECL SULFO-TAG labelled red blood cell vesicles were added, shaken again for 2 h, washed, MSD GOLD Read Buffer B was added, and then plates were read on an MSD SECTOR S600 ECL plate reader. Test samples were reported as per cent inhibition, relative to a no-plasma diluent only control. Positive samples show high per cent inhibition whereas negative or low samples show low per cent inhibition.
B cell flow cytometry
PBMCs were rapidly thawed, seeded at 2 million cells per well in a 96-well plate, and incubated with Human TruStain FcX and Purified mouse IgG (BioRad, PMP01X) for 10 min at room temperature. Cells were incubated with Fixable Viability Stain 510 (BD Biosciences, 564406) for 30 min at 4 °C, washed, and stained with an antibody cocktail for 30 min at room temperature (Supplementary Table 4). After another wash, the cells were resuspended and acquired on an Aurora 5 L flow cytometer (Cytek Biosciences). Data are collected by using Cytek SpectroFlo software (v.2.0.2).
Total influenza-specific antibody serology
The MSD Prototype Influenza 7-plex Serology Assay protocol measures IgG antibodies in human plasma specific for Influenza vaccine HA antigens: A/Brisbane, A/Hong Kong, A/Michigan, A/Victoria, B/Colorado, B/Phuket and B/Washington. In brief, MSD 96-Well 10-Spot multi-array plates coated with seven flu HA antigens were blocked, human plasma samples were diluted 10,000-fold, and added along with HA reference standards and controls to the plate. Plates were shaken for 2 h at 15 °C to 25 °C, washed, anti-human IgG antibodies labelled with electrochemiluminescent (ECL) SULFO-TAG added, shaken again for 1 h, washed, MSD GOLD Read Buffer B added, and read on an MSD SECTOR S600 ECL plate reader. Test samples were quantified in absorbance units per ml (AU ml−1), referenced against specific HA reference standards.
MSD influenza 7-plex IgG subtype serology assay
This assay protocol is for measuring IgG1, IgG2, IgG3 and IgG4 subtype antibodies in human plasma specific for Influenza vaccine HA antigens: A/Brisbane, A/Hong Kong, A/Michigan, A/Victoria, B/Colorado, B/Phuket and B/Washington. In brief, MSD 96-Well 10-Spot multi-array plates coated with 7 flu HA antigens were blocked, then human plasma samples diluted 10,000-fold, HA reference standards, and controls were added to the plate. Plates were shaken for 2 h at 15 °C to 25 °C, washed, then unconjugated mouse anti-human IgG1, IgG2, IgG3, or IgG4 monoclonal antibodies (Southern Biotech) added, shaken again for 1 h, washed, goat anti-mouse IgG labelled with ECL SULFO-TAG added, shaken again for 1 h, washed, MSD GOLD Read Buffer B added, and read on an MSD SECTOR S600 ECL plate reader. Test samples were quantified in AU ml−1, referenced against specific HA reference standards.
Cytokine production by T cells
Cell supernatants from stimulated and unstimulated cells were analysed for cytokine production using the MSD platform. Seven cytokines (IL-1B, IL-4, IL-6, IL-8, IL-10, TNF and IFNy) were measured using a chemiluminescence-based assay from MSD (N05049A-1) according to manufacturer’s instructions. Serial fourfold dilutions of supernatants, 1:8 and 1:32 for 4 h and 24 h samples, respectively, were prepared in Diluent 2 for conformity with the limits of detection. Analyses were done using the Discovery Workbench 4.0 software and R studio v.4.4.2.
TH cytokine and CD40 ligand flow cytometry
Cryopreserved PBMCs were rapidly thawed, and T cells were enriched using EasySep Human T Cell Isolation Kit (17951; Stemcell Technologies) and plated at 500,000 cells in medium alone or 250,000 cells with Dynabead Human T-Activator CD3/CD28 Beads (11131D; Thermo Fisher) for 4 h or 24 h. Golgi plug was added 4 h prior to collection. Cells were then stained with a surface marker panel, fixed, washed, permeabilized and then stained with intracellular antibodies. Samples were collected on a Cytek 5L Aurora and analysis was performed using FlowJo v.10.10 software.
AIFI Immune Health Atlas
To build our scRNA-seq PBMCs dataset for the AIFI Immune Health Atlas, we utilized data and analysis environments within the Human Immune System Explorer (HISE) system (https://allenimmunology.org/) to trace data processing, analytical code and analysis environments from the original, raw FASTQ data to our final, assembled reference atlas51. A graph representation of the analysis trace for this project is available at https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/reproducibility/. Additional details are available in our analysis notebooks on Github at https://github.com/aifimmunology/aifi-healthy-pbmc-reference and at our website at https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/.
Data selection from HISE storage
To assemble the input data for our reference dataset, we selected samples from all donors in our longitudinal cohort (Sound Life cohort; young adult, age 25–35 years and older adult, age 55–65 years) and 16 samples from a previously described healthy paediatric cohort collected at the University of Pennsylvania (age 11–13 years)32. In total, 108 samples were selected for use in our reference (paediatric, n = 16; young adult, n = 47; older adult, n = 45), consisting of 2,093,078 cells before additional quality control (QC) filtering.
Pipeline processing
After sequencing, gene expression and Hash Tag oligonucleotide libraries from pooled samples in our pipeline batches were demultiplexed and assembled as individual files for each biological sample as previously described52.
Cell labelling
To guide cell-type identification, we labelled cells from each sample using CellTypist (v.1.6.1)53, using the following reference models: Immune_All_High (32 cell types), Immune_All_Low (98 cell types), and Healthy_COVID19_PBMC (51 cell types) by following the approach described in the CellTypist reference documentation at https://celltypist.org. We also labelled our cells using Seurat (v.5.0.1)54 (https://zenodo.org/doi/10.5281/zenodo.7779016), first transforming to reference dataset using SCTransform followed by FindTransferAnchors and MapQuery to assign cell types.
Doublet detection and QC filtering
After assembly of all cells across 108 samples, we removed possible doublets (based on scrublet and high gene detection, >5,000 genes), low-quality cells (based on low gene detection, <200 genes), and dying or dead cells (based on mitochondrial unique molecular identifier (UMI) content, >10%). Doublet detection was done using the scrublet package (v.0.2.3)55. Mitochondrial content was assessed using the scanpy function calculate_qc_metrics (https://scanpy-tutorials.readthedocs.io/en/latest/pbmc3k.html). In total, 140,950 cells were removed (6.73%), and 1,952,128 cells passed QC filtering (93.27%).
Clustering and cell subsetting
After QC filtering, all remaining cells were clustered using a Scanpy workflow56 to normalize, log transform, perform principal components analysis (PCA), integrate age groups with Harmony57, perform Leiden clustering58, and generate two-dimensional UMAP projections. Clusters were assigned to major cell classes on the basis of marker gene detection, using the scanpy function scanpy.tl.rank_genes_groups. For each cluster, the fraction of cells with detected gene expression for each marker was computed, and clusters meeting a set of cell class-specific criteria were selected for downstream annotation by our domain experts. Clusters from specific cell classes were selected from the full dataset for iterative clustering analysis where necessary to identify cell subpopulations with additional resolution.
Expert annotation of cell types
Following high-level and iterative clustering, teams of domain experts within the Allen Institute for Immunology examined marker gene expression for clustered datasets and assigned cell-type identities to each cluster, also removing low-quality/doublet clusters, nine low-resolution cell classes (AIFI_L1), 29 mid-level cell classes (AIFI_L2), and 71 high-resolution cell classes (AIFI_L3) were identified, and each cell was labelled accordingly.
Training cell-type labelling models
In order to utilize our cell-type atlas to label other PBMCs datasets, we used CellTypist (v.1.6.2)53 to generate cell-type labelling models. We used a slightly modified CellTypist v.1.6.2 (allowing multinomial method: LogisticRegression(), alongside One-vs-Rest (OvR)), available at, labels. We utilized OvR regression for AIFI_L1 and AIFI_L2 labels, and Multinomial regression for AIFI_L3.
Sound Life scRNA-seq dataset assembly
To build our longitudinally sampled PBMC scRNA-seq dataset, we utilized data and analysis environments within the HISE system to trace data processing, analytical code, and analysis environments from raw FASTQ data to a labelled, high-quality final dataset51. A graph representation of the analysis trace for this project is available at https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/reproducibility/. Additional details are available in our analysis notebooks on Github https://github.com/aifimmunology/sound-life-scrna-analysis/ and at our website https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/.
Data selection
Input data were assembled as described above for the PBMC Atlas dataset. In total, 868 samples were selected for use in our dataset (young adult, n = 49 donors; n = 418 samples; older adult, n = 47 donors, n = 450 samples), consisting of 15,781,886 cells before additional QC filtering.
Pipeline processing
After sequencing, pipeline processing was done as described above for the PBMC Atlas dataset.
Labelling and doublet detection
To add cell-type labels, we utilized CellTypist (v.1.6.1) and the CellTypist models we generated using our Immune Health Atlas dataset at three levels of cell-type resolution (AIFI_L1; AIFI_L2, and AIFI_L3) per the reference document (https://celltypist.org).
QC filtering
After assembly of all cells across our samples, we filtered our data against the same set of QC criteria as described above for the PBMC Atlas. In total, 951,864 cells were removed (6.03%) and 14,830,022 cells passed QC filtering (93.97%).
Clustering, subsetting and doublet removal
All remaining cells were clustered within AIFI_L2 labels using the scanpy workflow described above for the PBMC Atlas. Clusters were filtered to remove doublets if multiple different cell-type marker genes were expressed, or if the cluster had low gene detection (low quality). Of note, due to their generally lower gene detection, this threshold was not applied to Erythrocyte or Platelet populations. In total, 800,059 cells (5.39%) were removed. 14,029,963 cells (94.61%) were retained for final cleanup based on high-resolution AIFI_L3 labels.
Refinement of cell-type labels
We worked with the high-resolution AIFI_L3 labelling results. For each cell type, we performed the scanpy data processing procedure described above to enable a final review of cell-type labels, and removed any doublet clusters. 234,117 cells were removed, and 13,795,846 were retained for the final reference dataset and downstream analyses.
Follow-up cohort scRNA-seq reference
Using our Atlas dataset, all cells in the follow-up cohort were automatically annotated with custom label transfer models built using the CellTypist framework. First, the genes in the reference dataset were subsampled to match the 18,000 genes in the 10x FLEX scRNA-seq assay. Then, three models were built for label transferring—one for each cell labelling level. Finally, the follow-up cohort data were labelled. Dataset cleanup, quality checking, clustering, and visualization were carried out using Scanpy. Doublets were detected and removed using Scrublet, and minimal inter-batch effects were adjusted in the PCA space for visualization purposes using Harmony. After QC filtering, labelling and data cleanup, 3,627,005 cells were retained in the final follow-up reference dataset and used for downstream analyses.
Olink analysis
Olink data normalization was first done using an internal extension control (IgG antibodies conjugated with a matching oligonucleotide pair). Next, they were normalized to the inter-plate pooled serum or plasma controls and finally, they were intensity normalized across all cohort samples. They are reported as log2(NPX) values. Using lme4 package in R59, the design formula: NPX(bridged) ~ age group + CMV + sex, was applied, with comparisons on the age group factor. Proteins with an adjusted P value below 0.05 were considered differentially expressed.
Milo differential abundance testing
We used milopy with default settings to perform abundance testing. For the scRNA reference, we conducted age (child versus older) and CMV status (negative versus positive) comparisons. For the flu vaccination comparison (day 0 versus day 7), we only used population from memory B cells populations and plasma cells.
Cell frequency comparison
To address the constant sum issue in compositional data, we applied a CLR transformation to frequency data from 71 level 3 cell types for each scRNA-seq sample. Of note, for switched versus non-switched CD27− effector B cells, the CLR was based on total memory B cells (level 3). In flow cytometry comparisons, the CLR was based on total T cells (TFH data) or 9 B cell types plus 1 non-B cell type (B cell data). For B cell isotype analysis, CLR was performed per cell type across isotypes. Paired data were analysed with the signed-rank Wilcoxon test; unpaired data with the rank-sum Wilcoxon test. For CMV-specific permutation analysis, we performed 100,000 label permutations of CLR-transformed frequencies. Median differences by cell type and CMV group formed a null distribution. Two-sided P values were computed by comparing observed versus permuted absolute differences, with a + 1 correction to avoid zero P values.
DEG analysis
Differential gene expression analysis was performed using the DESeq2 (v.1.42.0)60 package in R (v.4.3.2). For all comparisons, genes were filtered on the basis of a minimum of 10% non-zero counts in each comparison, to reduce noise, inconsistently expressed genes and technical artefacts in the DEG analysis, while balancing potential trade-offs between sensitivity and specificity61,62,63. Aggregated counts from single cells were used for the comparisons. The following design formulas and contrasts were used for the analyses:
 
	 1. Baseline comparing flu year 1 day 0 samples. Design: aggregated counts ~ age group + CMV + sex. Contrast: each factor.

	 2. Flu vaccine versus no-vaccine of year 1 and year 2. Design: aggregated counts ~ visit + age group + CMV + sex + subject. Contrast: visit factor (day 0 versus day 7).

	 3. Flu response comparison between two age groups (aligned day 7 samples from 2020–2021 and 2021–2022 flu seasons). Design: aggregated counts ~ flu year + age group + CMV + sex. Contrast: age group factor (young versus older).

	 4. CMV comparison. Design: aggregated counts ~ age group + CMV + sex. Contrast: CMV factor (positive versus negative).


Genes were considered differentially expressed if their adjusted P value was below 0.05 and their absolute fold change was greater than 0.1.
IMM-AGE score calculation
To calculate the IMM-AGE score, we first extracted the frequencies of cell types that significantly differed (Padj < 0.05) between the young and older groups by comparing scRNA-seq data from year 1, day 0 samples. We then applied dimensionality reduction using DiffusionMap function from the destiny package on the scaled frequency matrix and selected the second diffusion component as our IMM-AGE score.
Flow cytometry data analysis and visualization
T cell, NK and B cell flow cytometry data analysis consisted of traditional hierarchical gating in FlowJo v.10.10 Software. Gating strategies are provided in Supplementary Figs. 1–4. For deeper B cell and CD3+ T cell analysis, flow data were transformed (inverse hyperbolic sine with a cofactor of 220) and scaled (99.9th percentile of expression of all cells) in R. Total live B cells were over-clustered into 100 clusters using FlowSOM with all informative surface molecules as input. Clusters were then hierarchically clustered on the basis of expression of B cell surface molecules and isotype and manually assigned to cell subsets, as described previously25. UMAPs of B cell subsets were plotted using all informative markers and excluding isotype.
Enrichment analysis
Two types of enrichment analysis were conducted. For Gene Set Enrichment Analysis (GSEA), genes were ranked by −log10(P value) × sign(log2(fold change)) from DESeq2 results, and enrichment was run using the fgsea R package (v.1.28.0). Pathways with adjusted P values < 0.05 were retained. For sample level enrichment analysis (SLEA), genes above a 10% expression threshold served as the background. Pathway scores were calculated using the leading-edge genes from the fgsea results. At the pseudobulk level, we calculated the mean gene expression with random genes from the background set for each sample, performing 1,000 iterations. The pathway score was defined as the z-score of this difference.
Response score and durability score definition
The HAI data were normalized by the minimum value per batch and assay, added 0.00001 to ensure positive and non-zero values, and fitted with a linear model to estimate response/durability scores for each strain by each flu year separately. Residuals from the models were taken as individual response scores. Response score model: Δ(day 7 – day 0) HAI inhibition ~ day 0 inhibition + sex + CMV. Durability score model: Δ(day 90 – day 7) HAI inhibition ~ day 7 inhibition + sex + CMV.
NMF projection for TH state score determination
We used the NMF projection tool (https://github.com/yyoshiaki/NMFprojection/tree/main) with its precomputed NMF matrix (https://github.com/yyoshiaki/NMFprojection/blob/main/data/NMF.W.CD4T.csv.gz) to compute the NMF scores on Python (v.3.10.13), using the recommended workflow for subsetted CD4 T cells in each sample. Obtained NMF scores were normalized across each cell type at the sample level. For the top genes defining each NMF factor, we extracted the weight of each gene from the precomputed NMF matrix. Genes with higher weights were considered to be more contributive to each factor. We choose the top 20 genes for TFH NMF factor with highest weight.
Cell–cell interaction prediction analysis
We conducted cell–cell interaction analysis by using CellphoneDB (v.5; https://github.com/ventolab/CellphoneDB) with method: statistical inference of interaction specificity on default setting. For each sample, we calculated interactions for CD4 TCM cells and core memory B cells. We retained the interactions with an adjusted P value below 0.05. For group comparisons, interactions with ≤15 counts in either age group were excluded.
TEA-seq analysis
TEA-seq datasets were directly downloaded from GEO (GSE214546). We performed label transfer, doublet detection and QC on the basis of the RNA module. Label transfer was conducted using Celltypist, on the basis of the models generated from our atlas reference. We filtered the cells if predicted labels were not T cells. Doublet detection was done using the scanpy.external.pp.scrublet function on the RNA module only. Predicted doublets were filtered out before any downstream processes. QC was performed by ensuring that pct_counts_mito was below 15%, and n_genes_by_counts was either below 2,500 or above 200. Cells from the RNA module were matched to those from the ATAC module using original barcodes and well IDs. Any mismatched cells containing only RNA or only ATAC modules were excluded. We performed scATAC-seq analysis on ArchR (v.1.0.2)64. The following steps were executed using the default ArchR workflow: LSI dimensionality reduction, group coverage, identification of reproducible peaks (MACS3)65, peak matrix construction, motif annotation (cisbp database), background peak construction, deviation matrix and weight imputation (MAGIC)66. The z-scored ChromVar motif matrix was extracted with imputed weights. The motif scores at the sample level were calculated on the basis of the mean score for each cell type within each sample.
Trajectory analysis
We performed trajectory analysis with Slingshot67. First, we computed UMAP embeddings and Leiden clusters on the basis of the RNA module. Then, using Slingshot settings (approx_points=200 and extend = ‘n’), we inferred pseudotime and extracted trajectories. To compare motifs between the two age groups along a unified pseudotime axis, we applied loess smoothing to each group’s data, extracted and aligned their curves, and calculated the difference between the smoothed curves. Finally, we generated a plot with shaded regions representing positive and negative differences, highlighting where one group’s motif expression exceeds the other’s.
Statistical tests
Unless otherwise specified, all Wilcoxon tests were conducted as two-sided test by default and all reported correlations are based on Spearman correlation.
Data visualization
The following tools are provided to facilitate data exploration and discovery.
Human Immune Health Atlas (https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/): (1) AIFI Immune Health Atlas UMAP Explorer. Explore cell subsets and gene expression in a UMAP viewer to display an overview of the entire dataset (https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/vis/umap). (2) AIFI Immune Health Atlas Gene Expression Reference. A quick reference for gene expression across cell types and age groups (https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/vis/reference/). (3) AIFI Immune Health Atlas Clinical Data Explorer. Flexible visualization of clinical metadata and lab results collected from our Atlas donors (https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/vis/clinical/).
Dynamics of Human Immune Health and Age Resource: (https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/): (1) Sound Life Longitudinal Dynamics Explorer. (1) Explore gene expression and cell-type frequency across the longitudinally sampled blood draws within each healthy subject of our longitudinal cohort (https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/vis/dynamics/). (2) Sound Life Differential Gene Explorer. Browse results of pairwise DEG tests for age, sex, CMV and influenza vaccination between our cohort samples (https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/vis/deg/). (3) Sound Life Clinical Data Explorer. Flexible visualization of clinical metadata and lab results collected from our cohort’s donors (https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/vis/clinical/). (4) Sound Life Major Immune Cell Subsets UMAP Explorer. Explore CD4 T cell, CD8 T cell, B cell, NK cell, myeloid cell and other subsets and their gene expression separately for each major immune cell compartment at higher resolution in the entire Sound Life scRNA-seq data (https://apps.allenimmunology.org/aifi/insights/dynamics-imm-health-age/vis/umap/).
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Processed single-cell RNA-seq data have been deposited in the GEO database (Sound Life cohort: GSE271896; and Follow-up cohort: GSE275067). Raw single-cell RNA-seq fastq files have been deposited in dbGaP (phs003841.v1.p1). All processed data, data objects, and clinical metadata derived from de-identified human donors is available at the Human Immune System Explorer (HISE) website (https://doi.org/10.57785/e9e1-wh09 for AIFI Immune cell Atlas; https://doi.org/10.57785/bn17-3h16 for Dynamics of Immune Health and Age). This paper also analyses existing, publicly available datasets (TEA-seq dataset: GEO (GSE214546), dbGaP (phs003400.v1); ageing influenza memory B cell dataset: GEO (GSE167823); Terekhova’s ageing dataset: synapse (syn49637038); pre-RA dataset (https://apps.allenimmunology.org/aifi/insights/ra-progression/downloads/scrna/, dbGaP, (phs003944.v1.p1, https://doi.org/10.57785/c0pq-s567); Onek1K dataset: https://cellxgene.cziscience.com/collections/dde06e0f-ab3b-46be-96a2-a8082383c4a1; tissue ageing dataset: https://cellxgene.cziscience.com/collections/cc431242-35ea-41e1-a100-41e0dec2665b)). Source data are provided with this paper.
Code availability
All original code has been deposited at GitHub and Zenodo: https://github.com/aifimmunology/aifi-healthy-pbmc-reference/ (https://zenodo.org/records/13352146 (ref. 68)) for generation of the Immune Health Atlas, https://github.com/aifimmunology/sound-life-scrna-analysis/ (https://zenodo.org/records/13352142 (ref. 69)) for labelling and assembly of the Sound Life Cohort data, and https://github.com/aifimmunology/IHA-Figure (https://zenodo.org/records/17114439 (ref. 70)) for downstream analysis and figure generation. Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
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Extended data figures and tables
Extended Data Fig. 1 Longitudinal analysis of age-related circulating proteome and transcriptome.
a. Normalized protein expression (NPX) of inflammatory markers TNF, IL-6, IL-1b and IL-11 over time in young (teal) and older (bronze) adult plasma. Linear regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients and corresponding two-sided p-values are reported. The distribution by age group is shown on the right of each graph. b. Volcano plot of the age-related expression differences in circulating plasma proteome at baseline (Flu Vax Year 2 Day 0). Adjusted p-values were obtained from a linear model with multiple-testing correction, using two-sided tests. c. Spearman correlation between age-related protein expression difference at ‘Flu Vax year 1 day 0 and ‘Flu Vax year 2 day 0’. d. Spearman correlation between the number of age-related DEGs in each immune cell subsets in ‘Flu Vax year 1 day 0 and ‘Flu Vax year 2 day 0’.
Source Data
Extended Data Fig. 2 Generation of a high-resolution scRNA-seq atlas of peripheral immune cells from healthy children and adults.
a. Overview of the Human Immune Health Atlas cohort (age range: 11–65 yrs; n = 108) and final reference dataset. Created in BioRender. Chander, A. (2025) https://BioRender.com/9uwnzhl. b. UMAP of immune cell subsets within the 1.8 M PBMC Human Immune Health Atlas, highlighting major immune cell populations. c. Log2 fold change of clinical metadata features of age and CMV infection status compared using Milo differential abundance testing. Bronze is higher in older adults and teal is higher in young adults. Red is higher in CMV+ people and blue is higher in CMV− people. d. Marker gene expression and cell counts of the 71 immune cell subsets in level 3 of the Atlas. More details about our Human Immune Health Atlas can be found at https://apps.allenimmunology.org/aifi/resources/imm-health-atlas/.
Extended Data Fig. 3 Maintained, age-related transcriptional signatures in healthy immune cell subsets.
a. Equation for calculating the composite RNA Age Metric in each immune cell subset with more than 20 DEGs between young and older adults on baseline comparison. b. The RNA Age Metric for upregulated (left) and downregulated (right) genes in 8 subsets comparing young (n = 47) and older adults (n = 45) at ‘Flu Vax Year 1 Day 0’. Each dot is from a single donor. P-values were calculated using two-sided Wilcoxon rank-sum test. Box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points. c. The RNA Age Metric (upregulated genes) shown across all 8 subsets for each donor at Flu Vax Year 1 Day 0. d. RNA Age Metric (downregulated genes) in all 8 subsets across age in our follow-up cohort. LOESS regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients with two-sided p-values.
Source Data
Extended Data Fig. 4 Comparison of RNA Age Metric to IHM and IMM-AGE metrics.
a. Comparison of (Immune Health Metric) IHM score determined from whole-blood bulk RNA-seq for our young (n = 46) and older adult (n = 45) cohort from Flu Vax Year 1 Day 0 samples3. P-value was calculated using two-sided Wilcoxon rank-sum test. b. Spearman correlation between IHM and RNA Age Metric (up) in age-susceptible T cell subsets from Flu Vax Year 1 Day 0 samples. Linear regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients with two-sided p-values. c. Comparison of IMM-AGE score determined from cell frequencies from scRNA-seq data for our young (n = 47) and older adult (n = 45) cohort from Flu Vax Year 1 Day 0 samples6. P-value was calculated using two-sided Wilcoxon rank-sum test. d. Spearman correlation between IMM-AGE and RNA Age Metric (up) in age-susceptible T cell subsets from Flu Vax Year 1 Day 0 samples. Linear regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients with two-sided p-values. All box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points.
Source Data
Extended Data Fig. 5 Influenza-specific HAI responses in young and older adults.
a Overview of specific influenza A and B strains contained with seasonal influenza vaccines during our study collection period. b-c. Distribution of response groups across age groups of b. BVic, and c. H1N1 and H3N2 strains in two flu seasons, determined by Day 0 to Day 7 comparisons. ‘Higher’ represents the top 25%, ‘Middle’ the middle 50%, and ‘Lower’ the bottom 25% based on response score cutoffs. d. Mean percent inhibition of flu hemagglutinin (HA) antigen, as determined by the HAI assay, for H1N1, BYam, and BVic during the 2020-2021 season in young adults (n = 43) and older adults (n = 45) at days 0, 7, and 90, and for H3N1, BYam, and BVic in the same season in young adults (n = 24) and older adults (n = 32) at days 0, 7, and 90. P-values from paired two-sided Wilcoxon signed-rank test if it is within age group and two-sided Wilcoxon rank sum test for cross-group comparison. e. Distribution of durability groups across age groups of BYam strain in two flu seasons, determined by Day 7 to Day 90 comparisons. f. Percent inhibition of BYam, as determined by HAI, for young and older adults at days 0/7/90, separated by durability group: low sustainers (young: n = 11; older: n = 11), middle sustainers (young: n = 22; older: n = 22), and high sustainers (young: n = 10; older: n = 12). P-values from paired two-sided Wilcoxon signed-rank test. g-h. Distribution of durability groups across age groups of g. BVic, and h. H1N1 and H3N2 strains in two flu seasons, determined by Day 7 to Day 90 comparisons. ‘Higher’ represents the top 25%, ‘Middle’ the middle 50%, and ‘Lower’ the bottom 25% based on durability score cutoffs. All box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points.
Source Data
Extended Data Fig. 6 Age-associated B cell responses to the influenza vaccine.
a. Peripheral memory and antibody-secreting B cell population frequency changes in young (teal) and older adult (bronze) pre- (Day 0) and post-vaccination (Day 7). P-values determined by paired two-sided Wilcoxon signed-rank test. Shown are plasma B (young: n = 25; older: n = 42), CD27+ effector B, CD27− effector B, core memory B, CD95+ memory B and type 2 polarized memory B cells (young: n = 26; older: n = 42 each). Box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points. b. Correlation plots of RNA-quantified (y-axis) and flow cytometry-quantified (x-axis) level 3 B cell population (individual plots) frequencies of total live PBMC. Data shown for 6 young and 6 older adult subjects in flu year 1 that were represented in both scRNA-seq and cytometry analyses. Two-sided p-values and correlation coefficients from Pearson correlations are displayed. Linear regression line shown with 95% confidence interval in gray. c-d. Sample level enrichment analysis (SLEA) scores for the top pathways in the Hallmark database at each timepoint for c. plasma cells, and d. core memory B cells in young and older adults. e. Enrichment plot for the top Hallmark pathway in CD27− effector B cells when comparing Day 7 transcriptome between young and older adults after gene set enrichment analysis. f. Sample level enrichment analysis scores for the Hallmark Reactive Oxygen Species Pathway at each timepoint for CD27− effector B cells in young and older adults. g. CLR-transformed frequency comparison of surface IgG+ CD27− effector B cells and h. median surface CD19 protein expression comparison on CD27− effector B cells day 7 post-vaccination in young (n = 6) and older adults (n = 6), as determined by flow cytometry. P-values from one-sided Wilcoxon rank sum test with the alternative hypothesis ‘less’ for both (g) and (h).
Source Data
Extended Data Fig. 7 Influenza-specific IgG2 and IgG3 responses in young and older adults.
a. Flu-specific IgG2 concentrations against multiple strains at Day 0 and Day 7 post-vaccination in young (teal) and older adults (bronze), with P-values from paired Wilcoxon signed-rank test. Shown are A/Victoria H1N1 (young: n = 12; older: n = 12), B/Colorado HA (young: n = 14; older: n = 15), B/Phuket HA (young: n = 16; older: n = 15), and B/Washington HA (young: n = 10; older: n = 15). P-values determined by paired two-sided Wilcoxon signed-rank test. b. Flu-specific IgG3 concentrations against multiple strains at Day 0 and Day 7 post-vaccination in young (teal) and older adults (bronze), with P-values from paired Wilcoxon signed-rank test. Shown are A/Victoria H1N1 (young: n = 16; older: n = 14), B/Colorado HA (young: n = 12; older: n = 12), B/Phuket HA (young: n = 16; older: n = 16), and B/Washington HA (young: n = 9; older: n = 10). P-values determined by paired two-sided Wilcoxon signed-rank test. c. UMAP of Influenza A/Cali HA-specific B cells from young and older adults (GEO GSE167823), labelled with our Human Immune Health Atlas. d. IGHG2 to IGHG3 RNA expression ratio on HA-specific core memory B cells from young (n = 9) and older (n = 9) adults. P-values were calculated by two-sided Wilcoxon rank-sum test. e. CD40 RNA expression on HA-specific core memory B cells from young (n = 9) and older (n = 9) adults. P-values were calculated by two-sided Wilcoxon rank-sum test. All box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points.
Source Data
Extended Data Fig. 8 Age-related alterations in memory CD4 T and core memory B cell subsets.
a. Frequency of ICOS+CD38+ Tfh cells determined by flow cytometry, at day 0 and day 7 post-vaccination, comparing young (n = 44) and older adults (n = 45). P-values from paired two-sided Wilcoxon signed-rank test for the comparison between Day 0 and 7, and the two-sided Wilcoxon rank-sum test for other comparisons. b. Tfh activity score was determined by NMF projection in CM CD4 T cells in young (n = 47) and older adults (n = 45). P-values from two-sided Wilcoxon rank-sum test. c. Expression of leading-edge genes in Tfh activity score in young and older adults. d. CXCR5 RNA expression in CM CD4 T cells in our follow-up cohort. LOESS regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients with two-sided p-values. e. CXCR5 protein expression (median fluorescence intensity) on CXCR5+ CM CD4 T cell subsets at baseline in young (n = 16) and older (n = 16) adults determined by flow cytometry. P-values from two-sided Wilcoxon rank-sum test. f. Receptor-ligand interaction scores between CM CD4 T cells and core memory B cells in young (n = 40) and older (n = 44) adults from Flu Year 1 Day 0, using scRNA-seq. P-values also shown for Flu Year 2 Day 0. P-values from two-sided Wilcoxon rank-sum test without adjustment for multiple comparisons. g. RNA expression of CD40LG in CM CD4 T cells and CD40 in core memory B cells in our follow-up cohort (n = 234). LOESS regression line shown with 95% confidence interval in gray. Spearman’s rank correlation coefficients with two-sided p-values. h. CD40LG protein expression on αCD3/αCD28-stimulated (24 hours) memory CD4 T cell subsets in young (n = 16) and older (n = 16) adults determined by flow cytometry. P-values from two-sided Wilcoxon rank-sum. All box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points.
Source Data
Extended Data Fig. 9 Age-related cellular state skewing in CD8 T cells.
a. IL-4 and IL-13 normalized protein expression (NPX) in young (n = 47) and older (n = 45) adult plasma. P-values were calculated by two-sided Wilcoxon rank-sum test. b. Normalized protein expression (NPX) of select Th1-, Th2- and Th17-related serum proteins in our follow-up cohort, with donors ordered by age. c. RNA-based trajectory analysis of CD8 T cells from T cell TEA-seq dataset. d. Th1 (TBX21)- and Th2 (GATA3, STAT6, STAT5A, IRF4)-related transcription factor (TF) motif accessibility differences based on Chromvar analysis of scATAC-seq data from TEA-seq across CD8 T cells from children (n = 8) and older adults (n = 8). Teal indicates lower accessibility in older adults, whereas bronze indicated higher accessibility in older adults compared with children. e. Representative IL-4 and IFNγ expression in αCD3/αCD28-stimulated (4 hours) memory CD8 T cells with age determined by intracellular flow cytometry. f. Percentage of IFNγ+IL-4+ CD8 memory T cell subsets from young (n = 16) and older adults (n = 16) after 4 hrs of αCD3/αCD28 stimulation. P-values were calculated by two-sided Wilcoxon rank-sum test. g. Spearman correlations of frequencies of IFNγ+IL-4+ CD27 + CM CD8 T cells post-stimulation with normalized B/Phuket-specific IgG2 and IgG3 levels on day 7 post-vaccination. Spearman’s rank correlation coefficients with two-sided p-values. All box plots show median (centre), 25th-75th percentiles (box), whiskers (1.5 IQR), and all data points.
Source Data
Supplementary information
Supplementary Figures 1–4
The flow cytometry plots and gating strategies for the four flow cytometry experiments performed on this study.
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Abstract
Herpes simplex virus 1 (HSV-1) and influenza A viruses (IAV) induce Z-form-nucleic-acid-binding protein 1 (ZBP1)-initiated cell death1,2,3,4,5,6,7,8. ZBP1 is activated by Z-RNA1,7,9, and the Z-RNAs that trigger ZBP1 during HSV-1 and IAV infections were assumed to be of viral origin1. Here, however, we show that host cell-encoded Z-RNAs are major and sufficient ZBP1-activating ligands after infection by these two human pathogens. The majority of cellular Z-RNAs mapped to intergenic endogenous retroelements embedded within abnormally long 3′ extensions of host cell mRNAs. These aberrant host cell transcripts arose as a consequence of disruption of transcription termination (DoTT)—a virus-driven phenomenon that disables cleavage and polyadenylation specificity factor (CPSF)-mediated 3′ processing of nascent pre-mRNAs10,11,12,13,14,15. Mutant viruses lacking ICP27 or NS1—the virus-encoded proteins responsible for inhibiting CPSF and triggering DoTT13,15—did not induce host cell Z-RNA accrual and were attenuated in their ability to stimulate ZBP1. Ectopic expression of HSV-1 ICP27 or IAV NS1 or pharmacological blockade of CPSF activity induced accumulation of host cell Z-RNAs and activated ZBP1. These results demonstrate that DoTT-generated cellular Z-RNAs are bona fide ZBP1 ligands, and position ZBP1-activated cell death as a host response to counter viral disruption of the cellular transcriptional machinery.
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Main
ZBP1 activates cell death after infection by HSV-1 and IAV1,2,3,4,5,6,7,8. ZBP1 senses left-handed (Z-form) double-helical nucleic acids (Z-DNA and Z-RNA, hereafter Z-NA)16,17,18,19,20 and associates with receptor-interacting protein kinase 3 (RIPK3), initiating apoptosis and necroptosis1,21,22,23. How HSV-1 and IAV infections activate ZBP1 is currently unclear. Although the HSV-1 genome is enriched in Z-DNA-forming sequences24, and de novo RNA transcription was found to be necessary for ZBP1 activation during lytic HSV-1 infections4, HSV-1-generated ligands for ZBP1 are unknown. We previously implicated IAV-produced defective viral genomic (DVG) RNAs in the activation of ZBP1 (refs. 6,7). However, low-DVG preparations of IAV still triggered ZBP1 in cells7, suggesting the existence of additional, possibly non-viral, sources of Z-RNA capable of instigating ZBP1. Here we report that host cell-derived Z-RNAs arising from viral disruption of host transcription termination are abundant and bona fide ZBP1 ligands.
HSV-1 infections generate both viral- and host cell-derived Z-RNAs
To identify HSV-1-generated Z-NA ligands for ZBP1, we stably reconstituted immortalized Zbp1−/− mouse embryonic fibroblasts (MEFs) with wild-type (WT) Flag-tagged ZBP1 (Flag–ZBP1 MEFs) and infected them with WT HSV-1. We fixed and stained these cells with a monoclonal antibody (clone Z22) that recognizes both Z-RNA and Z-DNA7,25. We readily detected a Z-NA signal in the infected cells, which first appeared in the nucleus, and became increasingly evident in the cytoplasm (Fig. 1a,b). DNase I and RNase A each partially diminished, and together abolished, the Z-NA signal (Fig. 1c,d). The HSV-1 Z-NA signal in primary MEFs and human cells displayed similar susceptibility to DNase I and RNase A treatment (Extended Data Fig. 1a–f). Flag–ZBP1, but not a ZBP1 mutant lacking its Zα domains (Flag–ZBP1(ΔZα)), co-localized with Z-NA primarily in the nucleus of HSV-1-infected cells (Extended Data Fig. 1g–i). We also detected an A-form dsRNA (A-RNA) signal in the infected cells (Extended Data Fig. 1j,k).
Fig. 1: HSV-1 infections generate Z-RNA.

a,c,e, Z-NA accrual in HSV-1-infected (F strain; multiplicity of infection (MOI) = 5) (gB+) Flag–ZBP1 MEFs. a, Time course of Z-NA formation. c,e, MEFs were exposed to the indicated nucleases after fixation (c) or were treated with ActD 1 h post-infection (h.p.i.) (e), before fixation at 9 h.p.i. b,d,f, The fluorescence intensity (arbitrary units, a.u.) of the Z-NA signal in a, c and e, respectively. g, Cell death kinetics of empty vector (Vec) or Flag–ZBP1 MEFs (Flag–ZBP1) infected with HSV-1 ICP6 RHIMmut virus (MOI = 5) in the presence or absence of ActD. h, The genomic distribution of viral RNAs enriched in anti-Flag RIP–seq from HSV-1 infected Flag–ZBP1 MEFs. The outer and inner sectors represent genomic annotation and scaled fold-change values on the forward and reverse strands, respectively. The black caps denote the 5′ ends. i, The estimated proportion of canonical and uncharacterized viral RNA (vRNA) in anti-Flag RIP–seq data. j,k, Exemplar Z-RNA forming viral transcripts for canonical vRNA (j) and uncharacterized vRNA (k). qPCR analysis of the indicated viral transcripts after Z22 RIP analysis of WT HSV-1-infected Flag–ZBP1 MEFs (left). Putative Z-RNA-forming regions within exemplar transcripts (right). Each arc denotes a base-pairing event and red arcs show Z-prone stems (enumerated above the MFE Circos plots). Exemplar Z-RNAs (black arrowheads) and potential Zα-binding sites (pink boxes) are detailed at the bottom. l, qPCR analysis of viral RNAs after Flag RIP from either Flag–ZBP1 or Flag–ZBP1(ΔZα) mutant MEFs infected with HSV-1. Data are mean ± s.d. n = 30 cells per group (b, d and f), and n = 4 (g and i) and n = 3 (j–l) biologically independent samples. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison test (d, f and l), two-way ANOVA (g) and two-tailed unpaired t-tests with Welch’s correction (j and k). ***P < 0.0005 (except for in d, f, g and l, for which P < 0.0001). Data are representative of at least two (a, c and e) or three (g) independent experiments. Scale bars, 10 μm (a, c and e (right)) and 20 μm (e (left and middle)).
To determine the relative importance of Z-RNA versus Z-DNA to ZBP1 activation, we infected Flag–ZBP1 MEFs with HSV-1 and exposed cells to phosphonoformic acid (PFA), which inhibits viral DNA synthesis (Extended Data Fig. 1l) and therefore restricts viral gene expression primarily to the immediate-early (IE) genes4,26. RNase A, but not DNase I, almost completely abolished the Z-NA signal in PFA-treated cells (Extended Data Fig. 1m,n). The RNA polymerase II (RNA Pol II) inhibitor actinomycin D (ActD), which prevents both viral and cellular mRNA synthesis, greatly diminished the nuclear Z-NA signal and completely suppressed cytoplasmic Z-RNA accrual (Fig. 1e,f). ActD, but not PFA, prevented ZBP1-dependent cell death (Fig. 1g and Extended Data Fig. 1o), indicating that Z-RNAs generated as a consequence of RNA Pol II activity are essential ZBP1-activating ligands, whereas incoming viral genomic DNA, tegument proteins and the majority (that is, non-IE) of viral transcripts are not required for ZBP1 activation during HSV-1 infections. We used the RHIMmut virus because this virus has mutations (VQCG to AAAA) in the receptor-interacting protein homology interaction motif (RHIM) of the viral protein ICP6, which otherwise interferes with cell death signalling downstream of ZBP1 (refs. 3,4,5,27,28) (Extended Data Fig. 1p). Mutating the RHIM in ICP6 permits ZBP1-dependent cell death in both mouse and human cells3,4,5. HSV-1-induced death of Flag–ZBP1 MEFs was accompanied by MLKL phosphorylation and cleavage of procaspase-3, and was blocked combined inhibition of caspases and RIPK3 kinase activity (Extended Data Fig. 1q,r). Notably, the N-terminal Flag tag did not affect ZBP1-initiated cell death (Extended Data Fig. 1s). Activated MLKL was first seen in the nucleus, rupturing the nuclear envelope in a notable fraction of necroptotic cells (Extended Data Fig. 1t–y).
We next sequenced ZBP1-bound RNAs from HSV-1-infected MEFs. Viral RNA reads in the Flag–ZBP1 pull-downs mapped across the entire HSV-1 transcriptome (Fig. 1h). Although canonical HSV-1 transcripts constituted the majority (around 75%) of these viral Z-RNAs, a substantial proportion (around 25%) originated from RNAs expressed antisense to canonical viral mRNAs, or aligned with viral RNAs of uncharacterized biological function29 (Fig. 1i). Minimum free-energy (MFE) analyses of the predicted secondary structures of two canonical (RS1 and UL19/20) and two non-canonical (UL54.5, which is antisense to UL54, and UL46.5/UL47.5, which is antisense to UL48) exemplar RNAs indicated that each could form multiple Z-prone RNA stems (Fig. 1j,k and Supplementary Fig. 1a,b (red arcs)) in cis through ‘fold-back’ mechanisms (Fig. 1j,k and Supplementary Fig. 1a,b (bottom, pink boxes)). We confirmed the enrichment of these vRNAs in the Z22 pull-downs (Z22 RNA immunoprecipitation (RIP)) by quantitative PCR with reverse transcription (RT–qPCR), demonstrating that both types of viral RNA contribute to Z-RNA formation (Fig 1j,k and Supplementary Fig. 1a,b). When assessed using RT–qPCR, the same transcripts were readily pulled down by Flag–ZBP1, but less so by Flag–ZBP1(ΔZα) (Fig. 1l). We also noted broad and highly equal enrichment in the Flag–ZBP1 pull-downs of both sense and antisense transcripts arising from several regions across the HSV-1 genome (Fig. 1h and Supplementary Fig. 1c). A fraction of viral Z-RNAs bound by ZBP1 therefore presumably arose by hybridization of canonical transcripts and their overlapping antisense counterparts.
Notably, Flag–ZBP1 and Z22 pull-downs from HSV-1-infected mouse and human cells also recovered a substantial number of RNA fragments mapping to the host cell genome (Supplementary Fig. 1d). Indeed, host cell-derived fragments comprised a majority of all reads, indicating that these signals are neither rare nor incidental. These results raised the possibility that acute HSV-1 infections generate host cell-derived Z-RNAs capable of engaging and activating ZBP1.
Host cell Z-RNAs arise from aberrant RNA transcription
To trace the origins of host-derived Z-RNAs, we first catalogued all putative dsRNAs and recurrent, but unresolved, RNA sequences detected in Z22 or Flag–ZBP1 pull-downs (Extended Data Fig. 2a). We then applied a filtering pipeline (Extended Data Fig. 2b) to this reference set (Methods). A total of 1,646 host cell RNA species was significantly enriched by the Z22 antibody from HSV-1-infected mouse cells (Fig. 2a), on the basis of our criteria. These virus-induced host cell Z-RNAs demonstrated widespread evidence of A to I editing (68.3%), indicative of dsRNA formation in cellulo, and mostly mapped to host transcripts with extensively elongated 3′ ends (around 78%) or to RNAs transcribed de novo from cryptic intergenic transcription initiation sites frequently found in close proximity to cellular genes (around 12%, as confirmed by stranded sequencing) (Fig. 2a,b). Most (around 88%) of the 1,646 cellular Z-RNAs harboured inverted intergenic endogenous retroelements (EREs) capable of forming dsRNA, with inverted long interspersed nuclear element-1 (LINE1) and inverted B1/B2 short interspersed nuclear element (SINE) repeats being the most numerous (Fig. 2c,d). Z-RNAs enriched in the Flag–ZBP1 pull-downs almost completely overlapped with those seen in the Z22 pull-downs (approximately 87% overlap) and mapped primarily to host transcripts with extensively elongated 3′ ends (Extended Data Fig. 2c, d), and were predominantly formed by inverted EREs, with a higher proportion of inverted LINE1 elements compared with in the Z22 pull-downs (Extended Data Fig. 2e,f).
Fig. 2: Host cell Z-RNAs generated during HSV-1 infection arise from aberrant cellular RNA transcripts.

a, The enrichment (RIP/input) of virus-induced host cell Z-RNAs in Z22 RIP–seq analysis of Flag–ZBP1 MEFs infected with WT HSV-1 (MOI = 2, 8 h.p.i.). Z-RNAs with evidence of A to I editing are circled in black. Statistical significance was assessed using a one-sided Wald test in DESeq2. Only RNAs significantly induced by infection (adjusted P ≤ 0.1, fold change ≥ 1.5) are shown, as determined using separate two-sided Wald tests comparing the RIP/RIP or input/input between infected and matched mock cells (Methods). P values were adjusted for multiple testing using the Benjamini–Hochberg procedure. FDR, false-discovery rate. b, The genomic distribution of HSV-1-induced host cell Z-RNAs enriched in Z22 RIP–seq data. c, Source of inverted reverse-complement sequences within HSV-1-induced host cell Z-RNAs enriched in Z22 RIP–seq data. The ‘unresolved’ category includes Z-forming RNAs of which the secondary structures could not be readily solved. d, Detailed distribution of inverted EREs in HSV-1-induced host cell Z-RNAs enriched in Z22 RIP–seq data. e–h, Coverage tracks for exemplar Z-RNAs (Nabp1 (e), Gtpbp4 (f), H2ac18/19 (g) and U1 locus (h)) showing Z22 RIP (green), Flag RIP (purple), input total RNA (orange), A to I editing sites (red ticks, top), positions of qPCR primers (red arrows) and a schematic of the putative Z-RNA-forming structure (bottom). Coverage exceeding the indicated limits is denoted by thick black caps.
For example, the aberrant Nabp1 transcript enriched in both the Z22 and Flag–ZBP1 pull-downs contained an elongated 3′ sequence, 45 kb in length, which is significantly longer (around 16-fold) than the canonical protein-coding isoform encoded by this locus (Fig. 2e). This 3′ extension included two pairs of widely separated (around 1.8 kb and 8.8 kb apart) inverted LINE1 elements, which formed fold-back Z-RNAs enriched in both pull-downs. Similarly, the aberrant 3′ extension of the Gtpbp4 transcript, which was also enriched in both Z22 and Flag–ZBP1 pull-down datasets, had an inverted pair of long terminal repeats (LTRs) flanking fold-back sequences capable of forming a complex Z-RNA (Fig. 2f). As examples of host cell Z-RNAs arising from de novo intergenic transcription, the H2ac18/19 locus generated Z-RNAs after bidirectional transcription from cryptic intergenic start sites between the H2ac18 and H2ac19 genes (Fig. 2g), and the U1 locus gave rise to a single de novo transcript that probably forms Z-RNA by folding back on itself (Fig. 2h).
Other examples of host cell Z-RNAs enriched in the Z22 RIP followed by sequencing (RIP–seq) analysis included aberrantly elongated transcripts studded with inverted pairs of mouse SINEs (Ptbp1, Pcna, Haus2, Tlcd1), LINEs (Btbd3) and LTRs (Gnpda1, Rock1) (Extended Data Fig. 3a–g). Notably, aberrant 3′ transcription downstream of Pcna resulted in ‘read-in’ transcription of the Tmem230 gene and consequent generation of a Z-RNA-forming pair of inverted SINEs within an intron in Tmem230. Other examples of de novo intergenic transcription include transcripts upstream of Hmga1 and Anapc4 promoters extending into inverted LTR repeat regions in the opposite direction from these genes (Extended Data Fig. 3h,i). Notably, although these exemplar Z-RNAs were enriched only in the Z22 pull-down datasets, they were nonetheless robustly pulled-down by Flag–ZBP1, but not by a Zα mutant of ZBP1, when assessed using RT–qPCR (Extended Data Fig. 3j,k).
In human (HT-29) cells, the landscape of HSV-1-induced host cell Z-RNAs largely mirrored that found in MEFs. A total of 1,818 host cell Z-RNAs was induced by HSV-1 and significantly enriched in the Z22 RIP–seq dataset (Extended Data Fig. 4a), with 396 (around 49%) of these also enriched in the Flag–ZBP1 pull-downs (Extended Data Fig. 4b). Most endogenous Z-RNAs in human cells mapped to extended 3′ ends of known genes, and a subset to introns (Extended Data Fig. 4c). These Z-RNAs were formed by inverted repeat EREs, particularly Alu SINEs (Extended Data Fig. 4d,e). Other examples of Z-RNA-forming EREs within abnormally elongated 3′ extensions included inverted LINEs located within introns of a downstream gene (RABGGTB), α satellite repeats in pericentromeric regions (ROCK1) or, notably, even pairs of inverted gene paralogues (CGB2 and CGB3, downstream of RUVBL) (Extended Data Fig. 4f–h). Paralogous genes in opposite orientations to each other also produced Z-RNA after de novo transcription from a normally silent transcription start site (TSS) upstream of the ZNF132/ZNF584 genes (Extended Data Fig. 4i). Using RIP followed by qPCR (RIP–qPCR), we confirmed that each of these host cell Z-RNAs was selectively bound by Z22 (Extended Data Fig. 4j) and by Flag–ZBP1 (Extended Data Fig. 4k).
In agreement with these findings, ADAR1-mediated A to I editing of host cell RNAs was increased in intergenic regions (both proximal and distal to genic loci) after HSV-1 infection of both mouse and human cells (Extended Data Fig. 4l). Using 4-thiouridine labelling (4sU-seq)11 to follow the kinetics of nascent viral and host transcript production in infected human cells, ADAR1-mediated A to I editing of host cell transcripts also switched from intragenic to intergenic sequences downstream of annotated genes, reflecting the increasing accrual of intergenic dsRNA-forming species as the infection progressed (Extended Data Fig. 4m). Thus, inverted EREs and other repeats embedded within aberrantly long 3′ extensions of host RNAs, or RNA species generated de novo from cryptic intergenic loci, are unanticipated and abundant sources of Z-RNA in HSV-1-infected mammalian cells.
Notably, several vRNAs were significantly enriched in Flag pull-downs from infected MEFs, accounting for about one-third of all enriched hits in these pull-downs, but were not enriched to the same extent in Flag pull-downs from human cells, or in Z22 pull-downs from cells of either species (Discussion and Supplementary Fig. 2a–c).
HSV-1 ICP27 induces host cell Z-RNAs and activates ZBP1
We next compared the extent of aberrant transcription (that is, downstream and upstream of the gene, occurring in the opposite orientation of the canonical gene product, or resulting in intron accumulation) to the levels of canonical (that is, exonic) transcription of each host mRNA in HSV-1-infected cells (Extended Data Fig. 5a). In both human and mouse cells, HSV-1 infection caused a marked induction of aberrant transcription, with the most notable increase in transcription occurring downstream of genes (Extended Data Fig. 5b). In MEFs, downstream transcription was increased in over 80% of all expressed mRNAs, a large subset (around 30%) of which displayed grossly altered downstream transcription levels of 10% or higher (Fig. 3a and Extended Data Fig. 5b). In human cells, these abnormalities first manifested around 2 h after infection (Extended Data Fig. 5c), aligning well with the first observed accumulation of Z-RNAs in mouse cells (Fig. 1b), and with our earlier studies4, demonstrating that blocking Pol-II-driven transcription within the first 2–3 h of infection completely rescues HSV-1-triggered cell death. Together, these findings show that HSV-1-induced aberrant host cell mRNA transcription, particularly downstream of canonical protein-coding genes, is widespread, occurs early during infection, accounts for most host RNAs enriched in Z22 and Flag pull-downs and may therefore be responsible for the accrual of the earliest host cell Z-RNA ligands for ZBP1.
Fig. 3: The HSV-1 protein ICP27 triggers DoTT, Z-RNA formation and ZBP1-dependent cell death.

a, Downstream transcription levels in mock- or HSV-1-infected Flag–ZBP1 MEFs. Each datapoint represents a single mRNA, with transcription downstream of all annotated termination sites normalized to transcription levels of exons. Significant changes are colour coded by directionality, with changes exceeding 10% marked as strong. b, HSV-1 ICP27 binds to and interferes with the function of the CPSF complex, preventing proper termination of host cell pre-mRNAs, resulting in DoTT. c, Time course of Z-RNA formation in immortalized Zbp1−/− MEFs transfected with either empty vector (Vec) or Flag-ICP27-expressing plasmid. Scale bar, 10 μm. d, The fluorescence intensity of the Z-RNA signal in c. n = 30 cells per group (empty vector; ICP27-transfected, 6 h; and ICP27-transfected, 18 h, +RNase A) and n = 32 cells (ICP27 transfected, 18 h). e, Immunoblot analysis of phosphorylated MLKL (pMLKL) in immortalized Zbp1−/− MEFs stably reconstituted with either empty vector or with MYC-tagged ZBP1 (MYC–ZBP1), transfected with Flag–ICP27, in the presence of zVAD with or without RIPK3 kinase inhibitor (RIPK3i). f,h, Kinetics of cell death in MYC–ZBP1 or MYC–ZBP1(ΔZα) mutant MEFs transfected with control vector (ctrl vector), Flag–ICP27 or Flag–ICP27 n504 mutant constructs in the presence of zVAD (f) or in Vec and Flag–ZBP1 MEFs infected with HSV-1 RHIMmut (MOI = 5) or HSV-1 RHIMmutΔICP27 (MOI = 15) (h). g, The levels of viral proteins in MEFs infected with HSV-1 RHIMmut (MOI = 5) or HSV-1 RHIMmutΔICP27 (MOI = 15), at 8 h after infection. Data are mean ± s.d. n = 4 (f and h). Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple-comparison test (d). Data are representative of at least two (c, e and g) or three (f and h) independent experiments.
We next examined what causes these aberrancies in host cell mRNA transcription. HSV-1 is known to induce the phenomenon of DoTT, a process in which pre-mRNAs fail to undergo proper 3′ cleavage and processing10,11,14. Mechanistically, the HSV-1 protein ICP27 drives DoTT by associating with the CPSF complex and preventing this complex from properly processing the 3′ ends of pre-mRNAs13 (Fig. 3b). As a result, Pol II transcription fails to terminate, producing very lengthy read-through RNAs that are not typically observed in uninfected cells. An ICP27-null HSV-1 mutant virus (ΔICP27) induces substantially less aberrant host cell mRNA transcription13 (Extended Data Fig. 5d), prompting us to hypothesize that ICP27-driven DoTT may be responsible for the generation of abnormal host cell mRNAs and, therefore, for the accrual of Z-RNAs in these abnormal transcripts.
Ectopically expressed ICP27 robustly induced Z-RNA formation within 6 h of transfection in MEFs (Fig. 3c,d). Although the Z-RNA signal was also seen in the cytoplasm (Fig. 3c), the Z-RNAs are probably nuclear in origin because the nuclear export inhibitor leptomycin B was able to trap these Z-RNAs in the nucleus (Extended Data Fig. 5e,f). ICP27 also generated A-RNA in the transfected cells (Extended Data Fig. 5g,h). An ICP27 mutant (n504), which is unable to interfere with 3′ pre-mRNA cleavage13, was significantly compromised in its ability to induce Z-RNA (Extended Data Fig. 5i–k). The same Z-RNA ligands for ZBP1 generated by HSV-1 infection were also enriched in Z22 and Flag–ZBP1 pull-downs from ICP27-transfected cells (Extended Data Fig. 5l,m). ICP27 triggered ZBP1-dependent phosphorylation of MLKL and cell death, both of which were reduced in cells transfected with the ICP27 n504 mutant (Fig. 3e,f).
We generated an ICP27-null virus on the RHIMmut background (HSV-1 RHIMmutΔICP27, Fig. 3g). This double mutant induced substantially less ZBP1-dependent cell death than the ICP27-containing RHIMmut virus in Flag–ZBP1-expressing MEFs (Fig. 3h), as well as in IFNβ-pretreated primary MEFs expressing endogenous ZBP1, in human HT-29 Flag–ZBP1 cells and in IFNβ-pretreated HS68 cells expressing endogenous ZBP1 (Extended Data Fig. 5n–r). Notably, IFNβ pretreatment was not required for HSV-1 RHIMmut induction of endogenous ZBP1 or activation of ZBP1-dependent cell death; it simply hastened the kinetics of such cell death without affecting its eventual magnitude (Extended Data Fig. 5s,t).
The RHIMmutΔICP27 virus also induced significantly less (and, in many cases, completely failed to trigger) DoTT-driven host cell Z-RNA formation and consequent sensing of these Z-RNAs by ZBP1 (Supplementary Figs. 3a–d and 4a,b). We next used another pair of HSV-1 mutants, d103 and d106 (refs. 30,31), which both have deletions of the key viral transactivator ICP4 and are therefore compromised in E and L viral gene expression (Supplementary Fig. 5a). They also lack two of the remaining four IE genes, ICP22 and ICP47. However, whereas d103 still expresses ICP27, this gene is deleted in d106. Importantly, we previously demonstrated that d103 still induces substantial DoTT, whereas d106 does not13. We found that d103, but not d106, induced ZBP1-dependent death in the majority of infected cells (Supplementary Fig. 5b,c). Critically, d106 did not induce detectable levels of Z-forming DoTT transcripts in infected cells (Supplementary Fig. 5d–g).
IAV infections generate host cell Z-RNAs
As IAV has been reported to induce DoTT10,14,15,32,33, we examined whether IAV infections generated cellular Z-RNA, and whether these cellular Z-RNAs are also ZBP1 ligands. We infected MEFs with the IAV H1N1 strain A/PuertoRico/8/1934 (PR8), isolated Z-RNAs and ZBP1-bound RNAs from these cells, and mapped the recovered sequences. As in HSV-1-infected cells, the majority of RNA fragments in both pull-downs aligned to the host genome (Supplementary Fig. 6a). Processing these reads through our analysis pipeline (Extended Data Fig. 2a,b) identified 1,445 distinct host RNAs induced by IAV and selectively enriched in Z22 pull-downs from infected cells (Fig. 4a). The vast majority of RNAs found in the Flag–ZBP1 pull-downs were also seen in the Z22 pull-downs (around 90% overlap; Supplementary Fig. 6b). As we observed in HSV-1 infections, the bulk of host cell Z-RNAs induced by IAV infection mapped to aberrantly elongated 3′ ends of host mRNA transcripts (Fig. 4b and Supplementary Fig. 6c), with the remainder arising from de novo intergenic transcription and intronic sources.
Fig. 4: IAV infections generate host cell Z-RNA, which activates ZBP1.

a, The enrichment (RIP/input) of virus-induced host cell Z-RNAs in Z22 RIP–seq data of Flag–ZBP1 MEFs infected with IAV (PR8, MOI = 2, 8 h.p.i.). Statistical methods, significance thresholds, symbols and legend are as described in Fig. 2a. b, The genomic distribution of IAV-induced host cell Z-RNAs enriched in Z22 RIP–seq data. c, The source of inverted reverse-complement sequences within IAV-induced host cell Z-RNAs enriched in Z22 RIP–seq. The ‘unresolved’ category includes Z-forming RNAs of which the secondary structures could not be readily solved. d, Detailed distribution of inverted EREs in IAV-induced host cell Z-RNAs enriched in underlying Z22 RIP–seq data. e–g, Coverage tracks for exemplar Z-RNAs (Gtpbp4 (e), 2310057M21Rik (f) and Vbp1 (g)), showing Z22 RIP (green), Flag RIP (purple), input total RNA (orange), A to I editing sites (red ticks), qPCR primer location (red arrows) and putative Z-RNA structures (bottom). Thick black caps indicate coverage exceeding the indicated limits. h, IAV NS1 associates with CPSF4, preventing proper termination of host cell pre-mRNAs and triggering DoTT. i, Z-RNA accrual in Flag–ZBP1 MEFs transfected with either an empty vector (Vec) or with a plasmid expressing V5-tagged NS1 derived from IAV strain PR8, at 6 h after transfection. MEFs were subjected to limited proteinase K digestion and treated with RNase A after fixation. Scale bar, 10 μm. j, Fluorescence intensity of Z-RNA signal in i. n = 32 (Vec), n = 47 (NS1-transfected) and n = 39 (NS1-transfected + RNase A) cells. k, Kinetics of cell death in Vec or Flag–ZBP1 MEFs transfected with control vector (ctrl vector) or V5-NS1 (NS1) constructs in the presence of zVAD (50 µM). l, The kinetics of cell death in empty vector or Flag–ZBP1 MEFs infected with IAV (MOI = 5) and IAV ΔNS1 (MOI = 5). Data are mean ± s.d. n = 4 (k and l). Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple-comparison test (j). Data are representative of at least two (i) and three (k and l) independent experiments.
The majority of IAV-induced host cell Z-RNAs were formed by inverted repeat sequences (Fig. 4c,d and Supplementary Fig. 6d). For example, the abnormal 3′ extensions of the Gtpbp4 and 2310057M21Rik mRNA transcripts, enriched in both the Z22 RIP–seq and Flag–ZBP1 RIP–seq datasets from IAV-infected cells, generated Z-RNA through inverted LTRs and fold-back sequences (Fig. 4e), or through inverted gene paralogues (Fam24a and Fam24b; Fig. 4f), respectively. The Z22-enriched 3′ extensions of Vbp1 carried inverted intergenic LINE1 elements, which formed Z-RNA (Fig. 4g). We also found cases in which Z-RNA was formed by complex composite mouse repeats, such as satellite-like sequences in the 3′ extension of Gm14419 transcript (Supplementary Fig. 6e). Notably, Z-RNAs downstream of Gtpbp4 seen in HSV-1 infected cells (Fig. 2f) were also identified in IAV-infected cells (Fig. 4e). Each of these RNAs were readily pulled-down by the Z22 antibody and by Flag–ZBP1, but not by a Zα mutant of ZBP1 (Supplementary Fig. 6f,g).
In IAV-infected human (HT-29 Flag–ZBP1) cells, a total of 2,771 IAV-induced Z-RNAs was enriched by the Z22 antibody, with around 69% of these also bound by Flag–ZBP1 (Supplementary Fig. 6h,i). Most IAV-induced human Z-RNAs mapped to elongated 3′ ends of host RNAs and were formed by inverted ERE repeats, predominantly arising from Alu-family SINEs (Supplementary Fig. 6j–l). Exemplar Z-RNAs formed in IAV-infected human cells include inverted satellite repeats embedded in the elongated ROCK1 transcript (also seen in HSV-1-infected cells), inverted LTR repeats in the 3′ extended KBTBD2 transcript, and inverted SINE or SINE–LINE pairs embedded in the elongated 3′ ends of the NCL and C6orf62 precursor mRNAs (Extended Data Fig. 6a–d). These human Z-RNAs were readily pulled-down by the Z22 antibody and by Flag–ZBP1 (Extended Data Fig. 6e,f).
A few viral RNA species were enriched in both Flag and Z22 RIPs from mouse and human cells (Extended Data Fig. 6g). These viral RNAs resulted exclusively from positive-sense viral transcripts, with many mapping to DVG RNAs derived from the three longest viral RNA segments, PB1, PB2 and PA, consistent with our previous findings that IAV-generated DVG RNAs are the primary source of viral ligands for ZBP1 (refs. 6,7).
The overall repertoires of virus-induced host cell Z-RNAs generated in HSV-1- or IAV-infected cells were largely similar to each other (around 49% overlap in MEFs, around 76% in HT-29 cells; Extended Data Fig. 7a). Indeed, a comparison of virus-induced transcription events downstream of host genes showed that more than 80% of all expressed host cell mRNAs in MEFs and over 70% in HT-29 cells were equivalently disrupted after infection with HSV-1 or IAV (that is, differences within 10%, shaded areas), indicative of largely similar overall levels of DoTT induction by these viruses (Extended Data Fig. 7b). Notably, in cases in which the same mRNAs were subject to DoTT by both viruses, the propensity of many of these aberrant mRNAs to actually form Z-RNA varied between the two infection settings (red and green dots; Extended Data Fig. 7b). We attribute this variability in Z-RNA formation to the stochastic nature of the A to Z flip, the stability of the ensuing Z-RNA species34 and the activity of virus- or host-encoded dsRNA-binding proteins specific to each infection.
IAV infections triggered a significant repositioning of A to I editing events towards intergenic regions in MEFs and HT-29 cells (Extended Data Fig. 7c), an effect that was accurately reflected in an independent dataset from IAV-infected human monocyte-derived macrophages35 (Extended Data Fig. 7d). We found that IAV infections led to a significant global increase in aberrant transcription events, with the strongest aberrancies occurring in regions downstream of genes (Extended Data Fig. 8a).
The IAV protein NS1 induces DoTT by associating with CSPF4 (also called CPSF30)15,33 (Fig. 4h), and our analysis of an independent dataset36 showed that DoTT is significantly diminished in cells infected with an NS1-null virus (Extended Data Fig. 8b). These results suggested that NS1, by activating DoTT, was responsible for IAV-induced host cell Z-RNA formation, analogous to what we have shown with HSV-1 ICP27. We found that NS1 on its own was indeed able to induce an RNase-A-sensitive signal in transfected cells, after limited proteinase K digestion of these cells post-fixation (Fig. 4i,j) as we had previously observed in the setting of IAV infection itself7. Ectopic expression of NS1 generated the same Z-RNAs also induced by IAV infection (Extended Data Fig. 8c). These Z-RNAs were bound by Flag–ZBP1 in NS1-transfected cells (Extended Data Fig. 8d), resulting in ZBP1-dependent cell death (Fig. 4k). An IAV mutant lacking NS1 did not provoke the generation of host cell Z-RNA ligands for ZBP1 in either mouse (Extended Data Fig. 8e–i) or human (Extended Data Fig. 6e,f) cells, and induced significantly less ZBP1-dependent death in primary and immortalized MEFs, as well as in human cells, compared with the WT virus (Fig. 4l and Extended Data Fig. 8j,k).
Host cell Z-RNAs are sufficient to activate ZBP1
To directly demonstrate that HSV-1- and IAV-induced host cell Z-RNAs are sufficient ligands for ZBP1, we transfected Flag–ZBP1 MEFs with expression plasmids encoding either ICP27 or NS1, and isolated the resulting Z-RNAs and ZBP1-bound RNAs from these cells. We then transfected these RNAs into Flag–ZBP1-expressing MEFs, as well as into primary Zbp1+/+ and Zbp1−/− MEFs (Extended Data Fig. 9a). We found that both Z22- and Flag–ZBP1-bound RNAs formed Z-RNA that co-localized with Flag–ZBP1 in the challenged cells (Fig. 5a–c and Extended Data Fig. 9b–q). Both Z22- and Flag–ZBP1-bound RNAs triggered robust ZBP1-dependent cell death in these cells (Fig. 5d and Extended Data Fig. 9r–x). Next, we identified Z-prone structures from our representative exemplar host cell Z-RNAs, including inverted LINE repeats downstream of Vbp1, inverted LTRs upstream of Hmga1 and inverted SINEs downstream of Ptbp1 (Extended Data Fig. 10a (top)). We generated fluorescently (FAM) tagged hairpin RNAs from each sequence and modified the hairpins with 2′-O-methyl-8-methylguanosine (m8Gm) to stabilize them in the Z conformation37 (Extended Data Fig. 10a (bottom)). m8Gm-modified or unmodified GC-repeat hairpins served as positive (Z-RNA) and negative (A-RNA) controls7. We transfected these synthetic FAM-labelled RNA hairpins into cells, and found that each of the predicted host cell Z-forming RNA sequences did indeed form Z-RNA within cells (Fig. 5e,f and Extended Data Fig. 10b,c), co-localize with ZBP1 (Extended Data Fig. 10d,e) and potently trigger ZBP1-dependent cell death (Fig. 5g and Extended Data Fig. 10f,g).
Fig. 5: Host cells Z-RNAs are sufficient ligands for ZBP1.

a, Immunofluorescence staining of Z-RNA and Flag–ZBP1 in Flag–ZBP1 MEFs transfected with the indicated RNAs. These RNAs were eluted from Z22 RNA immunoprecipitates from MEFs ectopically expressing ICP27 at 9 h after transfection. b, Fluorescence intensity (a.u.) of the Z-RNA signal in a. n = 38 (no treatment), n = 41 (IgG RIP), n = 64 (Z22 RIP) and n = 54 (Z22 RIP + RNase A treatment) cells. c, Quantification of co-localized ZBP1 and Z-RNA in a. n = 30 (IgG) and n = 32 (Z22 RIP) cells. d,g,k, The kinetics of cell death of Flag–ZBP1 MEFs transfected with the RNAs eluted from Z22 RNA immunoprecipitates as indicated in a (d), transfected with the indicated hairpin RNAs (g) or treated with vehicle or JTE-607, in the presence of zVAD. For k, vehicle, DMSO + zVAD. e, Immunofluorescence staining of Z-RNA and FAM in Flag–ZBP1 MEFs transfected with the indicated hairpin RNAs. f, Quantification of co-localized Z-RNA and FAM in e. h, The structure of active JTE-607 (top). Bottom, magnified view of the interaction between active JTE-607 and human (solid) or mouse (translucent) CPSF3 (bottom). i, Z-NA accrual in primary MEFs treated with vehicle or JTE-607. j, The fluorescence intensity of the Z-RNA signal in i. l, The proposed model for the generation of cellular Z-RNAs during HSV-1 and IAV infection. Both viruses trigger DoTT, which generates 3′-extended transcripts containing otherwise-intergenic inverted-repeat EREs, which form Z-RNA and activate ZBP1-induced cell death. Data are mean ± s.d. n = 4 (d, g and k) and n = 10 (f) fields per group, and n = 30 cells per group (j). Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple-comparison test (b and f) and two-tailed unpaired t-tests with Welch’s correction (c). For a and e, the small white rectangles indicate the regions magnified in the insets. Data are representative of at least two (a, e and i) or three (d, g and k) independent experiments. For a, e and i, scale bars, 10 μm.
After determining that ablating expression of CPSF3 by RNA interference (RNAi) was sufficient to generate Z-RNA and activate ZBP1-dependent cell death (Extended Data Fig. 10h–k), we took a pharmacological approach to disabling CPSF and examined whether this intervention was also sufficient to drive DoTT and generate host cell Z-RNA ligands for ZBP1. The compound JTE-607 is a CPSF3 inhibitor pro-drug that undergoes ester cleavage in cells, exposing a critical carboxylic acid to form the active inhibitor (Fig. 5h). CPSF3 is highly conserved (>98% identity) between mice and humans, with differences occurring outside of the JTE-607-binding site. Aligning the structure of human JTE-607-bound CPSF3 (Protein Data Bank (PDB): 6MQ8) to the mouse CPSF3 orthologue (modelled using AlphaFold38) shows that JTE-607 will engage and inhibit mouse CPSF3 as well (Fig. 5h and Extended Data Fig. 10l,m). Indeed, JTE-607 induced Z-RNA and triggered highly selective and rapid ZBP1-dependent necroptosis in both primary and Flag–ZBP1 MEFs (Fig. 5i–k and Extended Data Fig. 10n).
Discussion
This study positions ZBP1-induced cell death as a key host cell response to limit viral pathogens that induce DoTT and target the termination of host cell transcription (Fig. 5l). DoTT disables mRNA 3′ processing and the export and translation of host mRNAs10,11,12,14,15,32,39. It therefore represents a mechanism by which viruses induce host shut-off, free up ribosomes for translation of viral RNAs and evade transcription-dependent innate-immune responses39,40. As a cellular countermeasure to DoTT, aberrant cellular RNAs generated by DoTT (or by de novo intergenic transcription) are potent cell-death-activating ZBP1 ligands. These RNAs contain numerous dsRNA-forming inverted-repeat EREs, as well as other repeats capable of forming Z-RNAs by folding back on themselves. Such ERE-derived Z-RNAs, which we call flipons, are probably under positive selection to defend against existing and emerging viral threats, which, by licensing DoTT, have compromised cellular mRNA transcription. While inverted repeat SINEs were previously shown to form Z-RNA41, this study provides examples of inverted LINEs, inverted LTRs and more complex sequences (such as exons from inverted gene pairs) as Z-RNA-forming species.
HSV-1 transcripts escape DoTT as ICP27 binds to GC-rich sequences immediately upstream of the polyadenylation signal of these transcripts and recruits the CPSF complex to facilitate efficient 3′-end processing and subsequent export of viral mRNAs13. The notably higher GC content of HSV-1 mRNAs therefore safeguards these transcripts from ICP27-mediated DoTT. This high GC content also represents a liability, as it increases the propensity of HSV-1-encoded vRNAs to adopt the Z-conformation. Our observation that vRNAs are significantly enriched in ZBP1 pull-downs from mouse but not human cells (Supplementary Fig. 2) suggests that HSV-1 may have evolved ways to mask its Z-prone vRNAs from being sensed by human ZBP1. The human cell therefore cannot rely on viral Z-RNAs to drive ZBP1 activation, making host cell Z-RNAs substantially more critical for activation of human ZBP1. We also observed that the vRNAs bound by mouse ZBP1 were not enriched in parallel Z22 pull-downs from the same cells (Supplementary Fig. 2a), suggesting that these are Z-prone vRNAs that are stabilized in the Z-conformation after association with the Zα domain.
IAV mRNAs are not transcribed by host RNA polymerase II but by the virus-encoded RNA-dependent RNA polymerase. Their 3′ processing and polyadenylation are therefore not dependent on the activity of the CPSF complex but result from reiterative copying of a stretch of 5–7 uracil bases present at the 5′ ends of each IAV gene segment42,43. As NS1 from all of the tested IAV strains associates with CPSF4 and induces DoTT, and as differences between IAV strains in the affinity of their NS1 isoforms for CPSF4 correlate well with the ability of these strains to dampen IFN- and NF-κB-driven immune responses33, NS1-induced DoTT appears to be an effective means of blunting intrinsic innate immune responses without affecting viral RNA transcription.
DoTT is a very rapid phenomenon, activated within around 2 h of infection (Extended Data Fig. 5c). Host-derived Z-RNAs produced as a consequence of DoTT therefore enable the host to activate ZBP1 and kill the infected cell before virus host shut-off, and before the cell becomes a virus factory. More broadly, cellular Z-RNAs may activate ZBP1 in other settings of nuclear stress, such as after exposure to salt, heat and oxygen free radicals, which also result in extensive transcription downstream of genes14,44,45. Small-molecule approaches to engaging DoTT and activating ZBP1 may also serve as immunogenic adjuvants for cancer immunotherapies46.
Methods
Cells and viruses
Primary MEFs were generated from E14.5 C57BL/6J embryos, and immortalized using a 3T3 protocol. Primary and immortalized MEFs were maintained in DMEM supplemented with 15% FBS, 1 mM sodium pyruvate, 1× GlutaMax and 1% penicillin–streptomycin. HT-29 cells (American Type Culture Collection (ATCC), HTB-38) were maintained in DMEM supplemented with 10% FBS, 1× GlutaMax and 1% penicillin–streptomycin. HS68 cells (ATCC, CRL-1635), were maintained in DMEM supplemented with 10% FBS, 1× GlutaMax and 1% penicillin–streptomycin. All cells were cultured at 37 °C under 5% CO2, and were routinely tested for mycoplasma. Flag–ZBP1 and Flag–ZBP1(ΔZα) MEFs were generated by stable retroviral transduction (pRetroX, Clontech) of immortalized Zbp1−/− MEFs with expression vectors encoding either Flag-tagged full-length mouse ZBP1 or ZBP1 lacking both Zα domains (ΔZα). HT-29 cells were stably reconstituted with Flag-tagged human ZBP1 expression constructs using the Retro-X retroviral transduction system. WT HSV-1 (F strain) was obtained from the ATCC (VR-733). HSV-1 RHIMmut has been described previously3. HSV-1 RHIMmut∆ICP27 was generated using a bacterial artificial chromosome (BAC) clone of HSV-1 RHIMmut (ref. 3). In brief, Escherichia
coli DH10B cells containing the HSV-1 BAC clone were cultured to an optical density at 600 nm of 0.4–0.6, then incubated at 42 °C to induce recombination activity and made electrocompetent by multiple washes in ice-cold water. The DH10B cells were then electroporated with plasmid pSC101-ccdA-gbaA47 (Vector Builder) for expression of the ccdA gene. The ccdB-ampicillin (amp) cassette was amplified from the plasmid p15A-amp-ccdB48 (Vector Builder) with 50-nucleotide overhangs corresponding to sequences adjacent to the ICP27 gene of HSV-1 The primers used were as follows: forward: GGGGATGCGCCCGGGCGGGAAGCTCCTAAGGGCACTATGACACCGGCCTTGCTAGCGCTTTGTTTATTTTTCTA; reverse: CCGTGGTGGCCGGGGTGGTGCTCGTGGCGCTTCACTACGAGCAGGAGATCTCTAGATTTCAGTGCAATTTATCTCT.
The ccdB-amp cassette containing the 50-nucleotide overhangs was subsequently electroporated into the HSV-1 BAC-containing DH10B cells, after which ICP27 in the BAC clone was replaced with the ccdB-amp cassette by lambda-RED homologous recombination. Recombinant BACs lacking ICP27 were obtained by selection of the DH10B cells in ampicillin-containing (100 μg ml−1) agar at 30 °C. The ccdB-amp cassette was subsequently deleted by Red/ET homologous recombination, and pSC101-ccdA-gbaA was eliminated by culturing the DH10B cells at 37 °C. After confirmation by sequencing that ICP27 was successfully deleted and no further mutations were introduced in the BAC clone during recombination, 1 μg each of purified BAC DNA was transfected into Vero cells at 90% confluency using polyethylenimine (Polysciences). At 72 h after transfection, when visible fluorescent plaques appeared, a clone of the HSV-1 RHIMmut∆ICP27 virus from an isolated plaque was selected for propagation.
HSV-1 d103 and d106 mutants30 were propagated in Vero-derived complementing (ICP4+ICP27+) E11 cells at an MOI of 0.005 and 0.01, respectively, and collected after 3 days. Viruses were purified by Ficoll gradient ultracentrifugation and titrated by plaque assay in E11 cells30.
IAV H1N1 strain A/Puerto Rico/8/1934 (PR8) was propagated by allantoic cavity inoculation of 10-day embryonated chicken eggs, or in MDCK cells (ATCC, CCL-34). The PR8 ΔNS1 virus was propagated in NS1-expressing MDCK cells. IAV titres were determined by plaque assay or by indirect immunofluorescence microscopy with an anti-NP polyclonal antibody on MDCK cells.
Assessing cell death
MEFs and HS68 cells were seeded in 48-well plates (10,000–15,000 cells per well), in 24-well plates (30,000 cells per well) or 6-well plates (150,000 cells per well) 1 day before treatment. HT-29 cells were seeded at 30,000 cells per well in 96-well plates or 60,000 cells per well in 48-well plates. On the day of treatment, the medium was replaced with fresh medium including Cytotox Green Dye (250 nM, Sartorius) and the indicated treatment. Dead cells were stained with Cytotox Green Dye and Cytotox Green+ cells were quantified at each timepoint using custom processing definitions on the Incucyte Live-Cell Analysis System (Sartorius) at 37 °C and 5% CO2. In parallel, separate cells seeded in identical numbers were stained with Cytolight Rapid Dye (3.3 µM, Sartorius) for live-cell labelling. The percentage of cell death was calculated as Cytotox Green+/Cytolight+ at each timepoint. In some cases, cell viability was determined by Trypan Blue exclusion. The percentage of cell death was calculated as follows: (total cell count − live cell count)/total cell count. zVAD (50 µM), RIPK3 kinase inhibitor GSK843 (5 µM) and JTE-607 (100 µM) were added at the indicated final concentrations immediately before Incucyte scanning. PFA (300 µg ml−1) and ActD (200 nM) were added at final concentrations 1 h after virus inoculation. For assessment of endogenous ZBP1-driven dell death, primary MEFs and HS68 cells were pretreated with recombinant IFNβ to ensure that enough endogenous ZBP1 was available for synchronous activation by virus (HSV-1) or Z-RNA.
Producing and testing synthetic Z-RNAs
Synthetic hairpins of putative Z-prone sequences from host cell-derived inverted-repeat EREs with or without m8Gm modifications were produced by Lumi D&NA. The hairpins were transfected into cells using Lipofectamine 3000 (Invitrogen) and cells were either immediately assessed for viability or were fixed for immunofluorescence microscopy.
RNA interference
For Cpsf3 ablation, immortalized MEFs were transiently transfected with small interfering RNA (siRNA) against mouse Cpsf3 (GCATGACATACCCATTTACTA) (Thermo Fisher Scientific) or with a negative control siRNA (Thermo Fisher Scientific) using the Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific). After 48 h, cells were collected and examined for CPSF3 (CPSF73) protein expression by immunoblotting, immunofluorescence microscopy and cell death assay.
RIP–seq
Cells were infected with or without HSV-1 or IAV (MOI = 2) for 8 h, collected and RIP was conducted using the EZ-Magna RIP (Cross-Linked) RNA-binding protein immunoprecipitation kit (Millipore) according to the manufacturer’s instructions. In brief, cross-linked cell pellets were lysed in RIP lysis buffer, followed by incubation with RIP buffer containing magnetic beads conjugated with anti-Z-NA antibody (Z22, Absolute Antibody, 1:50), anti-Flag antibody (F1804, Sigma-Aldrich, 1:50) or their respective isotype control antibodies, at 4 °C overnight. The samples were then incubated with proteinase K and immunoprecipitated RNAs were recovered by phenol:chloroform:isoamyl alcohol purification. RNA was quantified using the Quant-iT RiboGreen RNA assay (Thermo Fisher Scientific) and assessed for quality with the 2100 Bioanalyzer RNA 6000 Nano assay (Agilent) or 4200 TapeStation High Sensitivity RNA ScreenTape assay (Agilent) before library generation. Libraries were prepared from total RNA with the TruSeq Stranded Total RNA Library Prep Kit according to the manufacturer’s instructions (Illumina). Libraries were analysed for insert size distribution using the 2100 BioAnalyzer High Sensitivity kit (Agilent), 4200 TapeStation D1000 ScreenTape assay (Agilent) or 5300 Fragment Analyzer NGS fragment kit (Agilent). Libraries were quantified using the Quant-iT PicoGreen ds DNA assay (Thermo Fisher Scientific) or by low-pass sequencing using the a MiSeq nano kit (Illumina). Paired-end 150 cycle sequencing was performed on the NovaSeq X+ (Illumina) system.
qPCR analysis
RNA from RIP samples was quantified by Qubit and equal amounts of RNA was reverse-transcribed into cDNA using the SuperScript IV VILO Master Mix (Thermo Fisher Scientific). Equal amounts of cDNA were used as template and qPCR was performed using SYBR Green (Thermo Fisher Scientific). RT–qPCR was performed for the target fragments in the RIP samples and the input samples, and the Ct values for each target in the RIP samples were normalized to the input samples by subtracting the Ct value of the Input from the Ct value of the RIP: ΔCt = Ct(RIP) − Ct(input). The ΔΔCt value was then calculated by subtracting the ΔCt value of the IgG sample from the ΔCt value of the Flag/Z22 RIP sample: ΔΔCt = ΔCt(Flag/Z22-RIP) − ΔCt(IgG). Finally, the fold enrichment of the target Flag/Z22-binding locus sequence over IgG-binding locus sequence was calculated as fold enrichment = 2\(-\mathrm{\varDelta \varDelta }{C}_{{t}}\). Primers used were as follows: RS1-fwd: TGATCACGCGGCTGCTGTACAC; RS1-rev: GGTGATGAAGGAGCTGCTGTTG; UL54-AS-fwd: CCAGGCCGAGGTCAATTAG; UL54-AS-rev: ACCAGAGGCCATATCCGAC; UL19/20-fwd: TCCTTAGCACGATCGAGGTG; UL19/20-rev: GACAGGGTGTTGCAATACGAC; UL48-AS-fwd: GTACAGGGCCGAGCAGAAGTTG; UL48-AS-rev: CGAAGCGCTCTCTCGTTTCTT; Gtpbp4-fwd: TGTAGTTCAGTAGTGATGTGTG; Gtpbp4-rev: CTTTAGTTTGTGTCAAGTTGAC; Btbd3-fwd: ATACTGATTTCCAGAGTGGTTG; Btbd3-rev: AGCAGATGCTAGTGAGGATG; H2ac18/19-fwd: CCAAGTTAAGCAATTTCTGACC; H2ac18/19-rev: AGGAAAGCATTAGGCAGTCC; Ptbp1-fwd: AGGCAGGAGGATCAGGAGTTC; Ptbp1-rev: TGTGCTTTGAACCGCTGAGC; Nabp1-fwd: TGAAATTCCTAGGCAAATGG; Nabp1-rev: CCTCAGTTTCTGGGCTAATATC; Hmga1-fwd: TCTCTGCTAGGTTGTTGCTATC; Hmga1-rev: TTTGCATCAACTCCTGTCTG; U1-fwd: CTGTGTAAATCTCCCACTTG; U1-rev: TTTCTCTTGAGTCCTATCCC; Gnpda1-fwd: TGCCTTCAGATCAAGATGTAG; Gnpda1-rev: TTATCATCATGGCAGGAAAC; Rock1-fwd: TTGGTCGTCTGTTCGTGATTC; Rock1-rev: GCCTCCAAATGAAAGAACCTAG; Anapc4-fwd: ACATACCTACTCCAACAAGG; Anapc4-rev: ACAGTAAGTGAAGTTGTGGG; Pcna-fwd: CTCAGCAGTTAAGAGCACTCAC; Pcna-rev: TAGAGAGGGTTGTGAGCCAC; Haus2-fwd: GGGTCAGATCTCATTACAGATG; Haus2-rev: ACTGACTGCTCTTCCAGAGG; Tlcd1-fwd: AACCAGGCTGACCTCAAACTC; Tlcd1-rev: ATTCATGCTGGGCAGTGGTG; 2310057M21Rik-fwd: CCTCTCTGGAAAGAGTTCATC; 2310057M21Rik-rev: GAATGAGGTGTCCCTCCTAC; Gm14419-fwd: CACACGTGAAATTGTTCTCG; Gm14419-rev: TCCATAACGAGGAGAACACC; Vbp1-fwd: GAAGGGTGTTCCTCTTTGTC; Vbp1-rev: AGATTTCACCTCACACCAGTC; RABGGTB-fwd: GAACTAGCCTTCCATCCCAG; RABGGTB-rev: AATACTGGCAAACCGAATCC; RUVBL2-fwd: GGTGAGCTCGACACTAACCC; RUVBL2-rev: TGGACCAGTGAGAGGAGAGG; ZNFs-fwd: CTGGTGTAGAACAAGTGCGTC; ZNFs-rev: CACCAGAAGGTTCACACAGG; KBTBD2-fwd: ATCACCCTTACCCTGCTCAAC; KBTBD2-rev: CCATACTGTAGCAGGCGAGTG; C6orf62-fwd: GGCAATTCCTCAAGGATCTAC; C6orf62-rev: GCATGATTTATAATCCTTTGGG; NCL-fwd: TGGTGTCACGCTCTTATAGTCC; NCL-rev: CAATCACAGCTCACTGCAGC; ROCK1-rev: TCACAGAGTTGAACATTCCC; ROCK1-fwd: TTTCACCAAAGTCGTCAAAG.
Fold enrichment values of the immunoprecipitation product were normalized to the input samples. Data presented show the average of three independent biological repeats.
Immunoblotting
Cells were lysed in RIPA lysis buffer (Thermo Fisher Scientific) supplemented with protease and phosphatase inhibitors (Thermo Fisher Scientific). Cell lysates were incubated on ice for 10 min, and briefly sonicated to shear chromatin, then cleared by high-speed centrifugation (20,000g, 10 min) at 4 °C. The supernatants were subjected to immunoblot analysis as described previously49 (Fig. 3e,g, Extended Data Figs. 1g,q, 5o,q,t, 8e and 10h and Supplementary Fig. 5a). Sources and dilutions of primary antibodies were as follows: phosphorylated mouse MLKL (Ab196436, Abcam, 1:2,000), total mouse MLKL (MABC60, EMD Millipore, 1:2,000), RIPK3 (2283, ProSci, 1:2,000), Flag (A00187, GenScript, 1:2,000), cleaved caspase-3 (9664, Cell Signaling Technology, 1:2,000), caspase-3 (9662, Cell Signaling Technology, 1:2,000), GAPDH (60004-1-Ig, Proteintech, 1:4,000), ICP27 (sc-69806, Santa Cruz Biotechnology, 1:2,000), MYC (9E10) (MA1-980, Invitrogen, 1:2,000), ICP0 (sc-53070, Santa Cruz Biotechnology, 1:2,000), ICP5 (sc-56989, Santa Cruz Biotechnology, 1:2,000), NS1 (sc-130568, Santa Cruz Biotechnology, 1:2,000), NS1 (1A7, gift from A. García-Sastre), NP (GTX125989, GeneTex, 1:5,000), human MLKL (14993, Cell Signaling Technology, 1:2,000), human RIPK3 (13526, Cell Signaling Technology, 1:2,000), mouse ZBP1 (AG-20B-0010-C100, AdipoGen Life Sciences, 1:2,000), human ZBP1 (PA5-20455, Thermo Fisher Scientific), CPSF3 (ab72295 Abcam, 1:2,000). Gel source data are provided in Supplementary Fig. 7.
Immunofluorescence microscopy
Cells were plated onto eight-well glass slides (EMD Millipore). After infection or treatment, cells were fixed for 10 min with fresh 4% (w/v) paraformaldehyde in PBS, permeabilized in 0.5% (v/v) Triton X-100 in PBS for 10 min, blocked with MAXblock blocking medium (Active Motif) for 1 h and incubated overnight with primary antibodies at 4 °C. After three washes in PBS, cells were incubated with fluorophore-conjugated secondary antibodies for 1 h at room temperature. After an additional three washes in PBS, the slides were mounted in ProLong Gold antifade reagent (Thermo Fisher Scientific) and imaged by confocal microscopy on a Leica SP8 instrument. For immunofluorescence staining of tissue fixed with 4% (w/v) paraformaldehyde in PBS and dehydrated with 30% sucrose in PBS, frozen tissue sections were cut at 10 µm thickness in a cryostat microtome. The sections were permeabilized with 0.5% (v/v) Triton X-100 in PBS for 10 min, blocked with MAXblock Blocking Medium (Active Motif) for 1 h and incubated overnight with primary antibodies at 4 °C. After three washes in PBS, the sections were incubated with fluorophore-conjugated secondary antibodies for 1 h at room temperature. After an additional three washes in PBS, the sections were mounted in ProLong Gold antifade reagent (Thermo Fisher Scientific) and imaged by confocal microscopy on the Leica SP8 instrument. Random sampling was carried out near the centre of the wells in an eight-well chamber slide, excluding the peripheral regions, to avoid any potential edge effects on fluorescence intensity. Images were acquired of serial sections from each stained cell (around 10 sections per cell, each of 0.3-μm thickness). These serial sections were then z-stacked and the signal fluorescence intensity was quantitatively analysed using the Leica LAS X software package. When required, proteinase K (0.008 U ml−1) was used for 20 min at 37 °C; RNase A (1 mg ml−1) and DNase 1 (25 U ml−1) were used for 1 h at 37 °C before primary antibody incubation. Primary antibodies were used for immunofluorescence studies: Z-DNA and Z-RNA (Z22, Absolute Antibody, 1:200), A-RNA (9D5, Millipore, 1:500), phosphorylated mouse MLKL (37333, Cell Signaling, 1:500), Flag (A00187, GenScript, 1:500), emerin (ab40688, Abcam, 1:500), HSV-1/2 gB (ab6506, Abcam, 1:500), HSV-1 ICP5 (ab6508, Abcam, 1:500), anti-NS1 antibody (1A7, gift from A. García-Sastre, 1:500), V5 (R960-25, Thermo Fisher Scientific, 1:500), FAM (A-889, Thermo Fisher Scientific, 1:500) and NP (MCA400, Bio-Rad, 1:500).
RNA-seq data processing
Public RNA-seq datasets were retrieved from the SRA/ENA databases, and their accession numbers are provided in Supplementary Table 1. The mouse GRCm39 genome assembly and annotation were obtained from GENCODE (M36)50; the human CHM13v2 assembly was sourced from the T2T consortium51,52. The GENCODE annotation (v47) for CHM13v2 was lifted from the GRCh38 assembly using Liftoff (v.1.6.3)53. Viral assemblies and supplementary host annotations were downloaded from RefSeq54. The HSV-1 genome annotation was adopted from our previous work29 and extended with several RefSeq-annotated genes (such as LAT RNA) and miRNAs from the VIRmiRNA database55.
To ensure comparability, both public and newly generated data underwent processing through an optimized fork of the community-curated Nextflow rnaseq pipeline (v.3.15.1)56,57,58, which was executed in the following order:
Read preprocessing
Adapters, low-quality base pairs, and poly(A) and poly(G) tails were trimmed using the fastp59 program (v.0.23.4). Poly(G) clipping was necessary to eliminate the known technical artifacts of Illumina’s two-colour chemistry, whereby a weak or no signal at the end of a read is detected as a high-quality G base.
Alignment
Trimmed libraries were initially mapped with relaxed parameters to a chimeric reference comprising the host genome assembly, all viral assemblies and a curated collection of eukaryotic rRNA sequences using the STAR aligner (v.2.7.10a)60. Reads uniquely mapped to rRNA species were excluded to reduce technical noise arising from variable rRNA depletion efficiency (for example, some 4sU HFF samples lacked rRNA removal). These in silico rRNA-depleted reads were then remapped to the main reference, sorted with SAMtools (v.1.2)61 and passed to Picard (https://broadinstitute.github.io/picard/, v.3.1.1) to mark duplicates.
Quality control
Quality control was conducted using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), DESeq2 (ref. 62) and RSeQC63, with the results visualized using MultiQC64. All of the libraries exhibited acceptable sequencing and mapping quality metrics, and the samples clustered as expected based on condition and protocol on the principal component analysis plot.
Quantification of transcript expression
RNA abundance was estimated using Salmon (v1.10.1)65 running in pseudo-alignment mode.
If not specified otherwise, the genomic annotation used for downstream analyses is based on all GENCODE basic RNAs, excluding automatically annotated loci not verified manually (annotation level 3), pseudogenes, to be experimentally confirmed (TEC) transcripts and aberrant RNA models (for example, arising due to intron retention). GENCODE-specific ncRNAs not supported by the RefSeq annotation (NR models) were also excluded. This decision is based on the observation that the vast majority of these RNAs are undetectable in mock samples and, in infected cells, are transcribed only as part of much longer aberrant RNAs, typically driven by virus-induced DoTT events occurring in upstream mRNAs.
RIP–seq analysis
All RIP experiments were subjected to pre-processing and alignment according to the same protocol as for the RNA-seq samples. Subsequent analysis of RIP data was conducted using a custom procedure outlined below.
Peak calling
First, a relaxed set of RNA sequences enriched by Z22 or Flag antibodies was identified using a peak-calling approach. Each RIP sample and its corresponding RIP input control were normalized using the median-of-ratios method62, calculated across all intergenic, exonic and intronic regions of annotated genes. To account for technical variability, the control signal for each annotated mature RNA, intron or intergenic region (collectively termed RNA models) was smoothed using a running average. The final control signal for each genomic locus was defined as the maximum value across all overlapping RNA models.
Fold-change values for each genomic position were calculated by comparing the normalized signal to the normalized and smoothed control coverage. Adjacent positions meeting enrichment criteria (fold change ≥ 2) were merged (Extended Data Fig. 2a (peak calling)) and then refined to include bases proximal to putative binding summits. The refinement was accomplished by comparing the signal of each peak to its surrounding neighbourhood (Extended Data Fig. 2a (non-maximum suppression)), defined as ± the peak length (minimum, 1 kb; maximum, 10 kb), and bounded by RNA model limits. Loci exhibiting at least twofold enrichment relative to the adjacent signal across all overlapping RNA models were retained for subsequent analysis.
DsRNA reconstruction and clustering
All detected peaks were further filtered to eliminate overlaps with a manually curated list of technically challenging regions, such as homopolymers (Extended Data Fig. 2a (global filtering)). Peaks smaller than the empirical RIP resolution limit (36 bp, around one-quarter of the read length) or detected in only one experiment were excluded unless they overlapped with newly identified or REDIportal-annotated A to I editing sites, markers of dsRNA formation.
Filtered peaks served as seeds for reconstructing dsRNA structures (Extended Data Fig. 2a (dsRNA reconstruction)) using the following steps.
Sequence extraction
Peaks within 15 kb were grouped, and RNA sequences spanning each group and its 15 kb flanking regions were retrieved. Grouping across splicing sites of Ensembl Canonical or GENCODE primary mRNAs was disabled to limit groups length.
Alignment analysis
Sequences were aligned against their reverse complements, allowing both canonical (A–U, G–C) and non-canonical (G–U) base pairing. All locally optimal alignments representing putative dsRNAs longer than 36 bp and with at least 12 bp overlap with peaks were extracted.
Scoring and optimization
Candidate dsRNA structures were scored based on RIP signal intensity. A greedy algorithm was used to identify the optimal combination of dsRNAs that explained at least 90% of the observed RIP signal. This scoring and optimization process was conducted independently for each sample. dsRNAs supported by at least two experiments were retained.
Clustering
Selected dsRNAs and peaks that either overlapped them or were strongly reproducible (that is, supported by all experiments in at least one condition) were clustered on the basis of genomic or transcriptomic proximity, as measured by overlapping RNA models, to reduce redundancy and minimize correlations between adjacent hits (Extended Data Fig. 2a (clustering)).
Statistical analysis and dsRNA annotation
The total number of reads overlapping each dsRNA cluster was calculated and normalized using the median-of-ratios method described above (Extended Data Fig. 2b (read counting)). These values were then subjected to a classical DESeq2-based analysis62,66 (Extended Data Fig. 2b (statistical analysis)). Clusters were classified as virus induced if they displayed higher concentrations in either Z22 RIP or RIP input from infected cells compared with the matched mock cells (fold change ≥ 1.5, adjusted P ≤ 0.1, two-sided test). In parallel, dsRNAs groups were defined as RIP enriched if they were overrepresented in RIP from infected cells relative to the matched input control (fold change ≥ 1.5, adjusted P ≤ 0.01, one-sided test). Virus-inducible Z-RNAs passing both criteria were subjected to downstream analyses (Extended Data Fig. 2b (downstream analyses)).
The sequence composition of identified endogenous Z-RNAs was analysed by matching them against the RepeatMasker annotation retrieved from the UCSC Table Browser67. For each Z-RNA cluster, the repeat type (or lack thereof) with the highest RIP signal was selected. Inverted repeats were naturally incorporated into this scheme by jointly annotating arms underlying inferred Z-RNA stems. Annotation was conducted independently for each RIP replicate, and the most frequent category across replicates was selected as representative. Similarly, the genomic distribution of Z-clusters was determined by mapping them against the GENCODE annotation and a curated set of regions, such as virus-induced de novo intergenic RNAs, using a RIP-weighted approach.
The statistical significance of overlaps between different pull-downs was assessed using a hypergeometric test, with the set of all identified dsRNA clusters serving as the background population.
A global comparison of RIP enrichment levels between host dsRNA clusters and viral RNAs was conducted (Supplementary Fig. 2 and Extended Data Fig. 6) by merging generated endogenous dsRNA and viral annotations. IAV genome segments were included either as full-length units or, for PA, PB1, and PB2, as intact central regions and separate 5′ and 3′ fragments to specifically capture defective viral RNAs. Overlapping HSV-1 transcripts were segmented into canonical (for example, UL18/19/20) or uncharacterized (for example, UL46.5/47.5) regions. The combined annotation was then reanalysed using methodology described in the ‘Statistical analysis and annotation’ section.
HSV-1 viral RNA enrichment profile 
The pyCirclize package (github.com/moshi4/pyCirclize, v.1.7.1) was used to visualize the global enrichment profile of viral transcripts. Fold-change values were calculated based on the median-of-ratios normalization strategy, incorporating pseudocounts of one. Sites meeting the fold-change criterion (fold change ≥ 2) were scaled by RIP coverage to account for uneven read distribution (scale = coverage/mean viral coverage) so that comparisons between loci were valid and not dependent on the region-specific sequencing efficiency. The HSV-1 terminal repeats, which are prone to mapping and sequencing errors, were excluded from the visualization. Canonical viral transcripts (RL, RS, US, UL and LAT) were classified as immediate early, early, late and latency-associated based on published literature68,69,70,71,72,73. Novel HSV-1 transcripts29 were labelled as uncharacterized and partially omitted from the plot (for example, NAGNAG splicing isoforms with alternative acceptor sites 3 bp apart) for clarity of visualization.
Viral RNA secondary structure prediction
MFE structures for selected vRNAs were predicted using the ViennaRNA software package (v.2.7.0)74. To evaluate the thermodynamic propensity of predicted RNA stems to transition from A-RNA to Z-RNA, we used the Z-Hunt[rs] (ZH) program (v.0.0.4, https://github.com/biomancy/zhuntrs), a Rust-based reimplementation of the original Z-Hunt algorithm (v.3)75. Although Z-Hunt was originally developed for Z-DNA analysis, its usefulness extends to Z-RNA prediction as the ranking of the energetic cost for individual RNA and DNA sequences to adopt the Z conformation will be similar, even though the absolute energetic cost may be different in RNA due to the 2′ hydroxyl group and the variability of A–Z junction energy costs. We considered an RNA stem longer than 6-nucleotides to be Z-prone if its predicted ZH score ranked within the top 5% of all possible ZH-scores for RNA stems of the same length. For stems exceeding 12 nucleotides, Z-prone stems were defined as those containing a 12-nucleotide subsequence meeting this threshold.
A to I editing
The genomic distribution of A to I editing sites in each RNA-sequencing experiment, including RIP–seq, was analysed using a custom pipeline. In brief, candidate sites were initially selected based on the following criteria: coverage of ≥8 reads, low technical noise (the sum of frequencies of other mismatches ≤ editing frequency) and strong experimental support (editing frequency ≥ 5%). Subsequently, sites near annotated splicing sites, which are prone to alignment noise76, and putative genomic SNPs with editing frequencies above 45% were excluded. Finally, only sites reproducibly identified in ≥3 experiments or present in our data and recorded in the REDIportal database77 were retained for subsequent annotation and analysis.
Analysis of aberrant host cell transcription
To investigate the global effects of viral infection on abnormal host transcription, we first defined transcription boundaries based on annotated splicing sites and transcription start/end sites (TSS, TES) recorded in the filtered GENCODE annotation or high-quality RefSeq models (NM and NR transcripts). For each protein-coding gene, we selected the primary mRNA (marked as Ensembl Canonical), cropped its 5′ and 3′ exons to the shortest exon variant among all annotated secondary isoforms of the same gene (Extended Data Fig. 5a) and called this the reference mRNA. Next, each reference mRNA was matched to several aberrant transcription regions, defined as follows:
 
	Downstream region: located downstream of the gene, extending beyond all recorded transcription end sites.

	Upstream region: spanning from the 5′-most TSS of the gene to the upstream transcription boundary, typically the TES of the upstream gene.

	Divergent transcription region: running in the divergent orientation from the 5′-most TSS of the gene to the next transcription boundary.

	Intronic regions: defined as regions from the donor site to the nearest downstream transcription boundary and from the acceptor site to the nearest upstream transcription boundary. This definition excludes exons of secondary isoforms encoded within the intron, ensuring a focus on unambiguously intronic regions.


Downstream, upstream and divergent regions were trimmed to a maximum length of 2.5 kb and were excluded if they were shorter than this threshold. All constitutive exons of the primary mRNA served as a ‘normal’ transcription reference for downstream, upstream and divergent regions, while individual constitutive 5′ exons served as the reference for intronic regions.
The relative level of aberrant transcription (Extended Data Fig. 5a) in infected cells was statistically compared to control cells using the DEXSeq statistical framework78. Libraries were normalized using previously described median-of-ratios procedure and for each comparison, only references with a coverage of ≥1 fragment per kilobase per million were included. Relative changes in aberrant transcription with a fold change ≥ 1.5 (adjusted P ≤ 0.01, two-sided test) were considered significant. These changes were further classified as strong if the difference in aberrant transcription levels between conditions exceeded 10%.
AlphaFold modelling of murine CPSF3
The structure of human JTE-607 bound CPSF3 (PDB: 6MQ8) was aligned with the mouse CPSF3 orthologue AlphaFold database model (AF-Q9QXK7-F1-v4) in PyMOL.
Statistics
Statistical significance was determined using unpaired Student’s t-tests with Welch’s correction for comparisons between two groups, one-way ANOVA with Dunnett’s multiple-comparison test or two-way ANOVA with Tukey’s multiple-comparison test between multiple (>2) groups. P values of 0.05 or lower were considered to be significant.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus (GEO) under GEO Series accession number GSE308489.
Code availability
All code used to analyse sequencing data in this study is publicly available at GitHub (https://github.com/alnfedorov/Z-DoTT).
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Extended data figures and tables
Extended Data Fig. 1 (Related to Fig. 1). HSV-1 produces Z-RNAs in both murine and human cells and activates ZBP1-dependent nuclear necroptosis.
a, Primary MEFs infected with HSV-1 (MOI = 5) at 12 h after infection were fixed with fresh 4% (w/v) paraformaldehyde in PBS and exposed to the indicated nucleases for 45 min, before staining with anti-Z-NA (clone Z22) and anti-HSV-1gB antibodies. b, Fluorescence intensity of Z-NA signal in a. n = 41 cells (mock), n = 38 cells (HSV-1), n = 40 cells (HSV-1 + DNase I), n = 35 cells (HSV-1 + RNase A), n = 31 cells (HSV-1 + DNase I + RNase A). c, Z-NA accrual in HS68 human fibroblasts infected with WT HSV-1(MOI = 10, 18 h post-infection). Viral protein ICP5 staining marks infected cells. Cells were exposed to the indicated nucleases for 45 min, before staining with anti-Z-NA and anti- ICP5 antibodies. Nuclei are outlined with dashed white lines. d, Fluorescence intensity of Z-NA signal in c. e, Z-NA accrual in HT29 cells infected with HSV-1 (MOI = 10) at 9 h after infection. Viral protein ICP5 (green) staining marks infected cells. Cells were exposed to the indicated nucleases for 45 min, before staining with anti-Z-NA and anti-ICP5 antibodies. Nuclei are outlined with dashed white lines. f, Fluorescence intensity of Z-NA signal in e. n = 35 cells (mock), n = 37 cells (HSV-1), n = 38 cells (HSV-1 + DNase I), n = 39 cells (HSV-1 + RNase A), n = 49 cells (HSV-1 + DNase I + RNase A). g, Expression levels of FLAG-ZBP1 constructs in retrovirally-reconstituted Zbp1−/− MEFs, and of endogenous ZBP1 in primary WT MEFs, were assessed by immunoblotting for the FLAG tag and for murine ZBP1, following exposure of cells to mIFNβ (100 ng/ml, 24 h). h, Heat map of Z-NA and FLAG immunofluorescence signals in FLAG-ZBP1 or FLAG-ZBP1 ΔZα mutant MEFs infected with HSV-1. Nuclei are outlined with dashed white lines. i, Co-localization of FLAG and Z-NA signals in h, as assessed by evaluation of the Pearson Correlation Coefficient between the two signals. j, A-RNA accumulation in HSV-1-infected FLAG-ZBP1 MEFs (MOI = 5; 9 h post-infection). Nuclei are outlined with dashed white lines. k, Fluorescence intensity of A-RNA signal in j. n = 33 cells (mock), n = 37 cells (HSV-1 infection), n = 36 cells (HSV-1 infection + RNase A treatment). l, HSV-1 viral DNA levels in infected FLAG-ZBP1 MEFs with or without PFA (300 µg/ml) treatment was detected by qPCR using primers targeting US1 and RL1 genomic sequences. MEFs were infected with HSV-1 (MOI = 5, 9 h post-infection), exposed to PFA (300 µg/ml) 1 h post-infection, and examined by qPCR at the indicated times. m, Z-NA accrual in HSV-1-infected FLAG-ZBP1 MEFs in the presence or absence of PFA (300 µg/ml). FLAG-ZBP1 MEFs infected with HSV-1 were fixed and exposed to the indicated nucleases for 45 min, before staining with anti-Z-NA and anti-ICP5 antibodies. Viral protein ICP5 staining marks infected cells. Nuclei are outlined with dashed white lines. n, Fluorescence intensity of Z-NA signal in m. o, Kinetics of HSV-1 ICP6 RHIM mutant virus-induced cell death in Vec and FLAG-ZBP1 MEFs with or without PFA (300 µg/ml) treatment 1 h post-infection. p, Kinetics of HSV-1 ICP6 RHIM mutant virus-induced cell death in Vec and FLAG-ZBP1 MEFs. q, Immunoblots of phosphorylated MLKL (pMLKL) and cleaved caspase 3 (CC3) after infection of Vec and FLAG-ZBP1 MEFs with HSV-1 ICP6 RHIM mutant virus (MOI = 5). r, Viability of Vec or FLAG-ZBP1 MEFs infected with HSV-1 ICP6 RHIM mutant virus (MOI = 5) for 12 h in the presence or absence of the pan-caspase inhibitor zVAD (50 µM) and/or the RIPK3 kinase inhibitor (RIPK3 inh) GSK’843 (5 µM). s, Kinetics of cell death in immortalized Zbp1–/– MEFs reconstituted with either empty vector (Vec), FLAG-ZBP1, or (WT) ZBP1, following infection with HSV-1 RHIM mut (MOI = 5). t, Immunofluorescence staining for pMLKL and HSV-1 gB in primary Zbp1+/+ and Zbp1–/– MEFs infected with HSV-1 ICP6 RHIM mutant virus (MOI = 5). u, Kinetics of pMLKL positivity in cells infected with HSV-1 ICP6 RHIM mutant virus (MOI = 5) as in t. v, Immunofluorescence staining for pMLKL and HSV-1 gB in FLAG-ZBP1 MEFs infected with HSV-1 ICP6 RHIM mutant virus (MOI = 5). w, Kinetics of pMLKL positivity (black line) and localization of pMLKL signal (bars) of cells infected as in v. x, 3D reconstruction of HSV-1 ICP6 RHIM mutant virus-infected nuclei stained for the inner envelope protein Emerin (red) and HSV-1 gB (green). Arrows show areas of nuclear envelope rupture. y, Kinetics of nuclear envelope breakdown in HSV-1 ICP6 RHIM mutant virus -infected MEFs. Data are mean ± s.d. (n = 30 cells per group in d, n; n = 15 cells per group in i, n = 3 biologically independent samples in l; n = 4 in o, p, r, s; n = 5 fields per group in u, w; n = 6 per group in y). Two-tailed unpaired t-test with Welch’s correction (l). Two-way ANOVA test (p, u, y), One-way ANOVA with Dunnett’s multiple comparisons test (b, d, f, i, k, n, r). *P < 0.05, **P < 0.005, ***P < 0.0005 (P < 0.0001 in b, d, f, i, k, p, r, u, y). Data are representative of at least two independent experiments (a-k, m, n, q, t -y) or three independent experiments (o, p, r, s).
Extended Data Fig. 2 (Related to Fig. 2). Analysis of host cell Z-RNAs and ZBP1-bound RNAs.
a, Overview of peak calling and identification of unique dsRNA clusters. Arrows extending from the RIP track indicate the processing stages at which the RIP signal is utilized. Dashed boxes highlight dsRNA clusters which include one or more putative dsRNAs (e.g., the central and rightmost clusters, based on reverse-complementary sequences) and/or unresolved - but highly reproducible - RIP enrichment sites lacking a clear complementary pair (e.g., the leftmost cluster). b, Overview of the dsRNA analyses. Virus-induced host cell Z-forming dsRNAs were defined as those showing RIP enrichment in the target RIP (Z22 or FLAG) and increased levels in infected cells, either in total RNA or Z22 RIP reads, compared to mock-treated controls. These are summarized in a Rx2 table where R is the number of unique RIP-enriched Z-RNAs which are significantly overexpressed in infected cells after exclusion of the K dsRNAs unaffected by the infection. c, Global overlap of virus-induced host cell Z-RNAs (Z22-enriched) and ZBP1-bound (anti-FLAG enriched) RNAs from FLAG-ZBP1 MEFs infected with WT HSV-1 (MOI = 2, 8 h post-infection). Hypergeometric p-value, indicative of the odds that the overlap between the two pulldowns arises from chance alone, is shown above the Venn diagram. d, Genomic distribution of virus-induced host cell Z-RNAs enriched in FLAG RIP-seq from FLAG-ZBP1 MEFs infected with WT HSV-1 (MOI = 2, 8 h post-infection). e, Source of inverted reverse complement sequences within virus-induced host cell Z-RNAs enriched in FLAG RIP-seq from FLAG-ZBP1 MEFs infected with WT HSV-1 (MOI = 2, 8 h post-infection). The ‘Unresolved’ category includes Z-forming RNAs whose secondary structures could not be readily solved. f, Detailed distribution of inverted EREs in virus-induced host cell Z-RNAs enriched in FLAG RIP-seq from FLAG-ZBP1 MEFs infected with WT HSV-1 (MOI = 2, 8 h post-infection).
Extended Data Fig. 3 (Related to Fig. 2). Characterization of host cell Z-RNAs generated during HSV-1 infections in murine cells.
a-i, Coverage tracks for exemplar Z-RNAs showing Z22 RIP (green), input total RNA (orange), REDIportal-annotated or newly identified A → I editing sites (red ticks, top), positions of qPCR primers (red arrows), and a schematic of the putative Z-RNA structure (bottom). Coverage exceeding indicated limits is denoted by thick black caps. Here, Z-RNAs are produced by 3′ extension of host cell mRNA transcription (a-g), including into neighbouring genes (Tmem230 in b or Rab34 in d), or by de novo transcripts generated in the opposite direction from Hmga1 and Anapc4 genes (h, i). j, RNA eluted from Z22 or control IgG antibody pulldowns from WT HSV-1-infected cells (MOI = 2, 8 h post-infection) were examined by qPCR for exemplar Z-RNAs in panels (Fig. 2e–h, Extended Data Fig. 3a–i). Positions of qPCR primers are shown as red arrows in Fig. 2e–h, Extended Data Fig. 3a–i. Data were normalized to Input. k, RNA eluted from anti-FLAG antibody pulldowns from either FLAG-ZBP1 or FLAG-ZBP1 ΔZα mutant MEFs infected with HSV-1 (MOI = 2; 8 h post-infection) were examined by qPCR for exemplar Z-RNAs in panels (Fig. 2e–h, Extended Data Fig. 3a–i). Positions of qPCR primers are shown as red arrows in Fig. 2e–h, Extended Data Fig. 3a–i. Data were normalized to Input. Data are mean ± s.d. (n = 3 biologically independent samples in j, k). Two-tailed unpaired t-test with Welch’s correction (j). One-way ANOVA with Dunnett’s multiple comparisons test (k). *P < 0.05, **P < 0.005, ***P < 0.0005.
Extended Data Fig. 4 (Related to Fig. 2). Characterization of HSV-1 generated host cell Z-RNAs in human cells.
a, Enrichment of virus-induced host Z-RNAs in Z22 RIP-seq from FLAG-ZBP1 HT-29 cells infected with WT HSV-1 (MOI = 2, 8 h post-infection). Z-RNAs with evidence of A → I editing (i.e, overlapping REDIportal-annotated sites or identified in this study) are circled in black. Statistical significance was assessed using a one-sided Wald test in DESeq2. Only RNAs significantly induced by infection (adj. p-value ≤ 0.1, fold change ≥ 1.5) are shown, as determined by separate two-sided Wald tests comparing RIP/RIP or input/input between infected and matched mock cells (see Methods). P values were adjusted for multiple testing using the Benjamini-Hochberg procedure. b, Overlap of virus-induced host Z-RNAs enriched in Z22 or FLAG RIP-seq from FLAG-ZBP1 HT-29 cells infected with WT HSV-1 (MOI = 2, 8 h post-infection). Hypergeometric p-value, indicative of the odds that the overlap between the two pulldowns arises from chance alone, is shown above the Venn diagram. c, Genomic distribution of virus-induced host cell Z-RNAs enriched in Z22 (left) or FLAG (right) RIP-seq from FLAG-ZBP1 HT-29 cells infected with WT HSV-1 (MOI = 2, 8 h post-infection). d, Source of inverted reverse complement sequences within virus-induced host cell Z-RNAs enriched in Z22 (left) or FLAG (right) RIP-seq from FLAG-ZBP1 HT-29 cells infected with WT HSV-1 (MOI = 2, 8 h post-infection). The ‘Unresolved’ category includes Z-forming RNAs whose secondary structures could not be readily solved. e, Detailed distribution of inverted EREs in virus-induced host cell Z-RNAs enriched in Z22 or FLAG RIP-seq from FLAG-ZBP1 HT-29 cells infected with WT HSV-1 (MOI = 2, 8 h post-infection). f-i, Coverage tracks of exemplar Z-RNAs showing Z22 RIP (green), FLAG RIP (purple), input total RNA (orange), REDIportal-annotated or newly identified A → I editing sites (red ticks, top), positions of qPCR primers (red arrows), and a schematic of the Z-RNA structure (bottom). Coverage exceeding indicated limits is denoted by thick black caps. Here, Z-RNAs are produced either by 3′ extension of mRNA transcription (f-h), including into downsteam genes (e.g., MSH4 in f), or by de novo transcription from a normally silent genic or intergenic locus (i). j, RNA eluted from Z22 or control IgG antibody pulldowns from WT HSV-1-infected HT-29 cells (MOI = 2, 8 h post-infection) were examined by qPCR for Z-RNAs formed in 3′ extended transcripts arising from RABGGTB, ROCK1, and RUVBL2 loci, or generated via de novo transcription at the the ZNF132/584 locus. Positions of qPCR primers are shown as red arrows in panels f-i. Data were normalized to Input. k, RNA eluted from anti-FLAG antibody pulldowns from either FLAG-ZBP1 HT29 cells infected with HSV-1 (MOI = 2; 8 h post-infection) were examined by qPCR for Z-RNAs formed in aberrant transcripts arising from RABGGTB, ROCK1, RUVBL2 and ZNF132/584 (ZNFs) loci. Positions of qPCR primers are shown as red arrows in panels f-i. Data were normalized to Input. l, Proportion of proximal (i.e., within 10 kbp of TES) and distal (>10 kbp of TES) A → I intergenic editing sites identified in total RNA-seq from mock- or HSV-1-infected FLAG-ZBP1 MEFs (left) and FLAG-ZBP1 HT-29 cells (right). The total number of editing sites (including both genic and intergenic sites) detected in each condition is indicated above the respective bars. n = 8, 10, 4, 8 in order of conditions from left to right. m, Distribution of A → I editing sites in newly transcribed RNAs collected at the indicated time points from HSV-1-infected (WT, strain 17) human foreskin fibroblasts (HFF). The total number of editing sites (including both genic and intergenic sites) detected at each time-point is indicated on top. Sequencing data were obtained from the Sequence Read Archive (accession PRJNA256013). Data are mean ± s.d. (n = 3 biologically independent samples per group in j, k). Two-tailed unpaired t-test with Welch’s correction (j, k). *P < 0.05, **P < 0.005.
Extended Data Fig. 5 (Related to Fig. 3). Characterization of HSV-1 ICP27-triggered aberrant host cell transcription.
a, Aberrant transcription regions were defined for each mRNA as regions spanning individual introns (Intronic), regions upstream or downstream of annotated gene boundaries (Upstream, Downstream) or transcription in the divergent orientation from the same promoter (Divergent). Transcription within each region was normalized to reference constitutive exon(s), to calculate relative levels. b, Proportion of aberrant transcription regions with significant changes in normalized transcription levels in FLAG-ZBP1 MEFs and FLAG-ZBP1 HT-29 cells infected with HSV-1 (MOI = 2, 8 h post-infection). The total number of tested regions associated with expressed mRNAs is indicated on the right. Changes exceeding 10% were classified as strong. c, Temporal dynamics of aberrant transcription changes in HSV-1-infected HFF cells, estimated using 4sU-seq data. 4sU RNA labelling time windows are indicated on the left; the total number of tested regions associated with expressed mRNAs is indicated on the right. Changes exceeding 10% were classified as strong. Sequencing data were obtained from the Sequence Read Archive (accession PRJNA256013). d, Proportion of aberrant transcription regions with significant changes in normalized transcription levels in HFF cells infected with either wild-type HSV-1 (WT, strain 17) or a matched ICP27-null mutant (ΔICP27). The total number of tested regions associated with expressed mRNAs is indicated on the right. Changes exceeding 10% were classified as strong. Sequencing data were obtained from the Sequence Read Archive (accession PRJNA637636). e, Z-RNA accumulation in ICP27-transfected MEFs with or without leptomycin B (LepB, 5 nM) treatment was assessed at 6 h post-transfection. f, Fluorescence intensity of Z-RNA signal in e. n = 33 cells (no treatment), n = 39 cells (LepB treatment). g, A-RNA accumulation in MEFs transfected with FLAG-ICP27 construct was assessed 6 h post-transfection. Cells were either treated with RNase A, or were left untreated, before staining. Nuclei are outlined with dashed white lines. h, Fluorescence intensity of A-RNA signal in g. n = 61 cells (vector), n = 50 cells (ICP27-transfected), n = 53 cells (ICP27-transfected + RNase A). i, Schematic of ICP27 domain organization and location of the n504 mutation. LRR: leucine-rich putative nuclear export sequence (NES), D/E: acidic region, NLS: nuclear localization signal, RGG: arginine-/glycine-rich RNA binding motif, R2: second arginine-rich region, KH1-3: three predicted hnRNP K homology (KH) domains, CCHC: zinc-finger-like domain. The n504 mutation introduces a premature stop codon, generating a C-terminally truncated ICP27 mutant which is compromised in its ability to bind CPSF. j, Z-RNA formation in MEFs transfected with empty vector, FLAG-ICP27 or FLAG-ICP27 n504 mutant constructs assessed at 6 h post-transfection. k, Fluorescence intensity of Z-RNA signal in j. n = 34 cells (vector), n = 37 cells (ICP27-transfected), n = 35 cells (ICP27 n504-transfected). l, RNA eluted from Z22 or control IgG antibody pulldowns from ICP27 transfected cells were examined by qPCR for Z-RNAs formed within the 3′ extended transcripts downstream of Nabp1, Btbd3 or Ptbp1 loci, or in a de novo transcript generated from the H2ac18/19 locus or in the opposite orientation from the Hmga1 gene. Data were normalized to Input. m, RNA eluted from anti-FLAG antibody pulldowns of either FLAG-ZBP1 or FLAG-ZBP1 ΔZα mutant MEFs transfected with ICP27 were examined by qPCR for Z-RNAs formed in 3′ extended transcripts downstream of Nabp1, Btbd3 or Ptbp1 loci, or in a de novo transcript generated from the H2ac18/19 locus or in the opposite orientation from the Hmga1 gene. Data were normalized to Input. n, Kinetics of cell death in IFNβ pre-treated (100 ng/ml, 16 h) primary Zbp1+/+ and Zbp1–/– MEFs infected with HSV-1 RHIM mut (MOI = 5) and HSV-1 RHIM mut ΔICP27 (MOI = 15). o, Protein levels of ZBP1, RIPK3, and MLKL in HT-29 cells stably reconstituted with either empty vector (Vec) or FLAG-ZBP1 (FLAG-ZBP1), following IFNβ treatment (100 ng/ml, 48 h). p, Kinetics of cell death in Vec and FLAG-ZBP1 HT29 cells infected with either HSV-1 RHIM mut (MOI = 5) or HSV-1 RHIM mut ΔICP27 (MOI = 15). q, Protein levels of ZBP1, RIPK3 and MLKL in HS68 human fibroblasts in the presence or absence of IFNβ treatment (100 ng/ml, 48 h). r, Kinetics of cell death in hIFNβ pretreated (100 ng/mL, 16 h) HS68 cells infected with either HSV-1 RHIM mut (MOI = 5) or HSV-1 RHIM mut ΔICP27 (MOI = 15). s, Kinetics of cell death in WT and Zbp1–/– primary MEFs which were either left untreated, or were pre-treated with IFNβ (100 ng/ml, 16 h), followed by infection with HSV-1 RHIM mut virus (MOI = 5). t, Immunoblot showing induction of endogenous ZBP1 after infection of primary WT (Zbp1+/+) or Zbp1–/– MEFs with HSV-1 RHIM mut virus (MOI = 5, 8 h). Blotting for the HSV-1 protein ICP0 shows equal levels of virus replication in Zbp1+/+ and or Zbp1–/– MEFs. Data are mean ± s.d. (n = 3 biologically independent samples in l, m; n = 4 in n, p, r, s). Two-tailed unpaired t-test with Welch’s correction (f, l). One-way ANOVA with Dunnett’s multiple comparisons test (h, k, m). *P < 0.05, **P < 0.005, ***P < 0.0005. (p < 0.0001 in f, h, k). Data are representative of at least two independent experiments (e, g, j, o, q, t) or three independent experiments (n, p, r, s).
Extended Data Fig. 6 (Related to Fig. 4). Additional characterization of IAV-induced host cell Z-RNAs and ZBP1-bound RNAs.
a-d, Coverage tracks for exemplar Z-RNAs showing Z22 RIP (green), FLAG RIP (purple), input total RNA (orange), REDIportal-annotated or newly identified A → I editing sites (red ticks, top), positions of qPCR primers (red arrows), and a schematic of the Z-RNA structure (bottom). Coverage exceeding indicated limits is denoted by thick black caps. Here, Z-RNAs are found within aberrantly elongated 3′ extensions of ROCK1, KBTBD2, NCL, or C6orf62 mRNAs. e, f, RNA eluted from Z22- (e), anti-FLAG antibody (f) or control IgG antibody pulldowns from FLAG-ZBP1 HT29 cells infected with IAV (MOI = 5) or IAV ΔNS1 (MOI = 5) were examined by qPCR for Z-RNAs formed in 3′ extended transcripts downstream of ROCK1, KBTBD2, NCL, and C6orf62 loci. Data were normalized to Input. g, Enrichment of viral (green) and virus-induced endogenous (orange) RNAs in RIP-seq experiments from HSV-1-infected FLAG-ZBP1-expressing MEFs (left) or HT-29 cells (right). Host RNAs assessed by qPCR are labelled. The number of enriched viral hits in these pulldowns are indicated within each scatterplot. Data are mean ± s.d. (n = 3 biologically independent samples per group in e, f). Two-way ANOVA with Tukey’s multiple comparisons test (e, f). **P < 0.005, ***P < 0.0005. NS, no significance.
Extended Data Fig. 7 (Related to Fig. 4). Additional characterization of IAV-induced host cell Z-RNAs and ZBP1-bound RNAs.
a, Overlap between HSV-1- and IAV-induced Z-RNAs enriched in Z22 or FLAG pulldowns from FLAG-ZBP1 MEFs (left) or FLAG-ZBP1 HT-29 cells (right) infected with these viruses. b, Correlation between downstream transcription levels of individual mRNAs in FLAG-ZBP1 MEFs (left) and FLAG-ZBP1 HT-29 cells (right) infected with HSV-1 or IAV. Each mRNA is colour-coded based on the presence of virus-inducible Z-RNA downstream of the transcript. Normalized density plots of transcription levels for each mRNA class are shown on the marginal axes. The shaded area bounded by dashed lines represents mRNAs with similar downstream transcription levels (difference ≤ 10%) in both HSV-1- and IAV-infected cells. Only mRNAs meeting expression thresholds in both conditions are shown. The regression line for all mRNAs and its 95% confidence interval are shown in grey; r denotes the Pearson Correlation Coefficient. c, Proportion of proximal (within 10 kbp of TES) and distal ( > 10 kbp of TES) A → I intergenic editing sites identified in total RNA-seq from mock- or IAV-infected FLAG-ZBP1 MEFs (left) and FLAG-ZBP1 HT-29 cells (right). The total number of editing sites (both genic and intergenic) detected in each condition is indicated above the respective bars. Data are mean ± s.d. (n = 6, 6, 4, 8 biologically independent samples in order of conditions from left to right). d, Distribution of A → I editing sites in total RNA sampled at different time points from IAV- (A/Wyoming/03/03) infected human monocyte-derived macrophages. The total number of editing sites (both genic and intergenic) detected at each time-point is indicated on top. Sequencing data were obtained from the Sequence Read Archive (accession PRJNA382632).
Extended Data Fig. 8 (Related to Fig. 4). IAV NS1 mediates IAV-induced host cell Z-RNA formation and ZBP1-driven cell death.
a, Proportion of aberrant transcription regions with significant changes in normalized transcription levels in FLAG-ZBP1 MEFs and FLAG-ZBP1 HT-29 cells infected with IAV H1N1 strain A/Puerto Rico/8/1934 (MOI = 2, 8 h post-infection). The total number of tested regions associated with expressed mRNAs is indicated on the right. Changes exceeding 10% were classified as strong. b, Proportion of aberrant transcription regions with significant changes in normalized transcription levels in the nucleus of A549 cells infected with either wild-type IAV (WT, H1N1 strain A/WSN/1933) or a matched NS1-null mutant (ΔNS1) at 16 h post-infection. The total number of tested regions associated with expressed mRNAs is indicated on the right. Changes exceeding 10% were classified as strong. Sequencing data were obtained from the European Nucleotide Archive (accession PRJEB75711). c, RNA eluted from Z22- or control IgG antibody pulldowns from cells transfected with an NS1 expression construct were examined by qPCR for Z-RNAs formed within 3′ extended transcripts downstream of 2310057M21Rik and Gm14419. Data were normalized to Input. d, RNA eluted from anti-FLAG antibody pulldowns of either FLAG-ZBP1 or FLAG-ZBP1 ΔZα mutant MEFs transfected with an NS1 expression construct were examined by qPCR for Z-RNAs formed within 3′ extended transcripts downstream of 2310057M21Rik and Gm14419. Data were normalized to Input. e, Levels of IAV NS1 and NP in MEFs infected with IAV (MOI = 5) or IAV ΔNS1 (MOI = 5) at 8 h after infection. f, g, RNA eluted from Z22- (f), anti-FLAG antibody- (g) or IgG antibody pulldowns from FLAG-ZBP1 MEFs infected with IAV (MOI = 5) and IAV ΔNS1 (MOI = 5) were examined by qPCR for Z-RNAs formed within 3′ extended transcripts downstream of 2310057M21Rik, Gtpbp4, Vbp1 and Gm14419 loci. Data were normalized to Input. h, i, RNA eluted from Z22- (h), anti-ZBP1 antibody- (i) or IgG antibody pulldowns from primary MEFs infected with IAV (MOI = 5) and IAV ΔNS1 (MOI = 5) were examined by qPCR for Z-RNAs formed in 3′ extended transcripts downstream of 2310057M21Rik, Gtpbp4, Vbp1 and Gm14419 loci. Data were normalized to Input. j, Kinetics of cell death in primary Zbp1+/+ and Zbp1–/– MEFs infected with IAV (MOI = 5) and IAV ΔNS1 (MOI = 5). k, Kinetics of cell death in Vec or FLAG-ZBP1 HT29 cells infected with IAV (MOI = 5) and IAV ΔNS1 (MOI = 5). Data are mean ± s.d. (n = 3 biologically independent samples per group in c, d, f- i; n = 4 in j, k). Two-tailed unpaired t-test with Welch’s correction (c). One-way ANOVA with Dunnett’s multiple comparisons test (d). Two-way ANOVA with Tukey’s multiple comparisons test (f- i) *P < 0.05, **P < 0.005, ***P < 0.0005. Data are representative of three independent experiments (j, k).
Extended Data Fig. 9 (Related to Fig. 5.) Ectopic expression of ICP27 and NS1 induce formation of host cell Z-RNAs.
a, Schematic of experimental setup for the experiments shown in Fig. 5a–d, Extended Data Fig. 9b–x. Expression vectors encoding either HSV-1 ICP27 or IAV NS1 were transfected into FLAG-ZBP1 MEFs. Host cell Z-RNAs, as well as ZBP1-bound RNAs were isolated from these cells (by Z22 or FLAG RIP), respectively. These RNAs were eluted, purified, and subsequently re-transfected into fresh challenge cells for immunofluorescence and cell death analyses. b, Immunofluorescence staining of Z-RNA and FLAG-ZBP1 in FLAG-ZBP1 MEFs transfected with the indicated RNAs eluted from FLAG-ZBP1 or IgG pulldowns from MEFs expressing ectopic ICP27. FLAG-ZBP1 MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 9 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) and FLAG antibodies. Small white rectangles indicate regions that are magnified in bottom-left insets, showing colocalization of Z-RNA and FLAG-ZBP1. c, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in b. n = 65 cells (no treatment), n = 66 cells (IgG RIP), n = 59 cells (FLAG RIP), n = 59 cells (FLAG RIP+ RNase A treatment). d, Quantitation of colocalized ZBP1 and Z-RNA in c. n = 30 cells (IgG), n = 31 cells (FLAG RIP). e, Immunofluorescence staining of Z-RNA and FLAG-ZBP1 in FLAG-ZBP1 MEFs transfected with the indicated RNAs eluted from Z22 or IgG pulldowns from MEFs expressing ectopic NS1. FLAG-ZBP1 MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 9 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) and FLAG antibodies. Small white rectangles indicate regions that are magnified in bottom-right insets, showing colocalization of Z-RNA and FLAG-ZBP1. f, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in e. n = 40 cells (no treatment), n = 44 cells (IgG RIP), n = 45 cells (Z22 RIP), n = 45 cells (Z22 RIP + RNase A treatment). g, Immunofluorescence staining of Z-RNA and FLAG-ZBP1 in FLAG-ZBP1 MEFs transfected with the indicated RNAs eluted from FLAG-ZBP1 or IgG pulldowns from MEFs expressing ectopic NS1. FLAG-ZBP1 MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 9 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) and FLAG antibodies. Small white rectangles indicate regions that are magnified in bottom-right insets, showing colocalization of Z-RNA and FLAG-ZBP1. h, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in g. n = 66 cells (no treatment), n = 71 cells (IgG RIP), n = 69 cells (FLAG RIP), n = 48 cells (FLAG RIP+ RNase A treatment). i, Quantitation of colocalized ZBP1 and Z-RNA in e and g. n = 32 cells (Z22 RIP), n = 32 cells (FLAG RIP). j, Immunofluorescence staining of Z-RNA in primary MEFs transfected with indicated RNAs eluted from Z22- or control IgG antibody pulldowns from MEFs expressing ectopic ICP27. Primary MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) antibody. k, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in j. n = 31 cells (no treatment), n = 31 cells (IgG RIP), n = 34 cells (Z22 RIP), n = 47 cells (Z22 RIP+ RNase A treatment). l, Immunofluorescence staining of Z-RNA in primary MEFs transfected with indicated RNAs eluted from FLAG-ZBP1 pulldowns from FLAG-ZBP1 MEFs expressing ectopic ICP27. Primary MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 9 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) antibody. m, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in l. n = 35 cells (no treatment), n = 35 cells (IgG RIP), n = 37 cells (FLAG RIP), n = 40 cells (FLAG RIP+ RNase A treatment). n, Immunofluorescence staining of Z-RNA in primary MEFs transfected with indicated RNAs eluted from Z22 or IgG pulldowns from MEFs expressing ectopic NS1. Primary MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) antibody. o, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in n. n = 33 cells (no treatment), n = 31 cells (IgG RIP), n = 38 cells (Z22 RIP), n = 37 cells (Z22 RIP + RNase A treatment). p, Immunofluorescence staining of Z-RNA in primary MEFs transfected with indicated RNAs eluted from FLAG-ZBP1 or IgG pulldowns from FLAG-ZBP1 MEFs expressing ectopic NS1. Primary MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfection and exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22) antibody. q, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in p. n = 32 cells (no treatment), n = 34 cells (IgG RIP), n = 38 cells (FLAG RIP), n = 33 cells (FLAG RIP + RNase A treatment). r, Kinetics of cell death of Vec or FLAG-ZBP1 MEFs transfected with indicated RNAs eluted from FLAG or IgG pulldowns from MEFs expressing ectopic ICP27. s, t, Kinetics of cell death of Vec or FLAG-ZBP1 MEFs transfected with indicated RNAs eluted from Z22- (s), FLAG- (t) or IgG pulldowns from MEFs expressing ectopic NS1. u, v, Kinetics of cell death of IFNβ pre-treated (100 ng/ml, 16 h) primary Zbp1–/– or WT MEFs transfected with indicated RNAs eluted from Z22 (u), FLAG (v) or IgG pulldowns from MEFs expressing ectopic ICP27. w, x, Kinetics of cell death of IFNβ pre-treated (100 ng/ml, 16 h) primary Zbp1–/– or WT MEFs transfected with indicated RNAs eluted from Z22 (w), FLAG (x) or IgG pulldowns from MEFs expressing ectopic NS1. Data are mean ± s.d. (n = 4 in r-x).One-way ANOVA with Dunnett’s multiple comparisons test (c, f, h, k, m, o, q). Two-tailed unpaired t-test with Welch’s correction (d). ***P < 0.0005 (P < 0.0001 in c, d, f, h, k, m, o, q). Data are representative of at least two independent experiments (b, e, g, j, l, n, p) or three independent experiments (r-x).
Extended Data Fig. 10 (Related to Fig. 5). Synthetic host cell-derived Z-RNAs and pharmacological CPSF3 inhibition activate ZBP1.
a, Schematic of synthetic RNA hairpins generated from predicted virus-induced host Z-RNAs. The coverage track displays the Z22 RIP signal from infected cells, with red ticks indicating REDIportal-annotated or newly identified A → I editing sites. Synthetic hairpins were generated from predicted Z-RNA stems within Z22 peaks (orange highlight) formed by pairs of inverted LINE (Vbp1), LTR (Hmga1), and SINE (Ptbp1) elements. The minimum free energy structure of each hairpin is shown at the bottom, with the artificial outer UUUC loop rendered semitransparent. 2′-O-methyl-8-methylguanosine (m8Gm) modified bases are circled in red. b, Immunofluorescence staining of Z-RNA and FAM in primary MEFs transfected with RNA hairpins designed from putative Z-forming sequences withing aberrant host cell transcripts. Small white rectangles indicate regions magnified in bottom-right insets, showing colocalization of Z-RNA and FAM-labelled hairpins. c, Quantitation of colocalized Z-RNA and FAM in b. n = 11 fields (LINE, SINE), n = 10 fields (LTR, A-RNA and Z-RNA). d, Immunofluorescence staining of Z-RNA and FLAG in FLAG-ZBP1 MEFs transfected with RNA designed from aberrant Z-forming transcripts. Small white rectangles indicate regions that are magnified in bottom-right insets, showing colocalization of Z-RNA and FLAG-ZBP1. e, Quantitation of colocalized FLAG-ZBP1 and Z-RNA in c. n = 10 fields (LINE, LTR, A-RNA and Z-RNA), n = 8 fields (SINE). f, g, Kinetics of cell death in IFNβ pretreated (100 ng/mL, 16 h) primary Zbp1+/+ MEFs (f) or primary Zbp1–/– MEFs (g) transfected with the indicated RNA hairpins. h, Levels of CPSF3 protein in MEFs transfected with either control siRNA or CPSF3 siRNA. i, Z-RNA accrual in MEFs transfected with either control siRNA or CPSF3 siRNA. Cells were exposed to RNase A post-fixation, before staining with anti-Z-NA antibody. Nuclei are outlined with dashed white lines. j, Fluorescence intensity of Z-RNA signal in i. n = 35 cells (Si Ctrl), n = 34 cells (Si Cpsf3 and Si Cpsf3 + RNase A). k, Kinetics of cell death in Vec and FLAG-ZBP1 MEFs transfected with either control siRNA or CPSF3 siRNA. l, Alignment of JTE607-bound human CPSF3 crystal structure (bold) and murine CPSF3 AlphaFold model (transluscent). JTE-607 is shown as ball and stick (carbons; black, chlorine; green, oxygen; red, nitrogen; blue) with mesh (grey) representation to highlight occupied chemical space. The metallo-β-lactamase domain (green; residues 1-208 and blue; residues 396–459) and β-CASP domain (yellow; residues 209–395) display near identical folds, even in the absence of bound ligand. m, Active JTE-607 possesses the carboxylic acid moiety necessary for the bifurcated interaction with G330 and F241 backbone amides in CPSF3. Electrostatic interactions between the piperazine functional group of JTE-607 with E48 side chain and L47 backbone amide are also shown (orange dashes). n, Kinetics of cell death in IFNβ pretreated (100 ng/mL, 16 h) primary Zbp1+/+ and Zbp1–/– MEFs treated with DMSO (vehicle) or JTE-607 (100 μM), in the presence of zVAD (50 µM). Data are mean ± s.d. (n = 4 in f, g, k, n). One-way ANOVA with Dunnett’s multiple comparisons test (c, e, j). ***P < 0.0005 (P < 0.0001 in c, e, j). Data are representative of at least two independent experiments (b, d, h, i) or three independent experiments (f, g, k, n).
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Abstract
At more than 200 years, the maximum lifespan of the bowhead whale exceeds that of all other mammals. The bowhead is also the second-largest animal on Earth1, reaching over 80,000 kg. Despite its very large number of cells and long lifespan, the bowhead is not highly cancer-prone, an incongruity termed Peto’s paradox2. Here, to understand the mechanisms that underlie the cancer resistance of the bowhead whale, we examined the number of oncogenic hits required for malignant transformation of whale primary fibroblasts. Unexpectedly, bowhead whale fibroblasts required fewer oncogenic hits to undergo malignant transformation than human fibroblasts. However, bowhead whale cells exhibited enhanced DNA double-strand break repair capacity and fidelity, and lower mutation rates than cells of other mammals. We found the cold-inducible RNA-binding protein CIRBP to be highly expressed in bowhead fibroblasts and tissues. Bowhead whale CIRBP enhanced both non-homologous end joining and homologous recombination repair in human cells, reduced micronuclei formation, promoted DNA end protection, and stimulated end joining in vitro. CIRBP overexpression in Drosophila extended lifespan and improved resistance to irradiation. These findings provide evidence supporting the hypothesis that, rather than relying on additional tumour suppressor genes to prevent oncogenesis3,4,5, the bowhead whale maintains genome integrity through enhanced DNA repair. This strategy, which does not eliminate damaged cells but faithfully repairs them, may be contributing to the exceptional longevity and low cancer incidence in the bowhead whale.
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The Alaskan Iñupiat Inuit, who carry on a long tradition of subsistence hunting of the bowhead whale (Balaena mysticetus), a large baleen whale species, maintain that these animals “live two human lifetimes”3. Subsequent scientific study and age estimation through quantification of ovarian corpora, baleen dating and eye lens aspartic acid racemization analysis have supported a maximum lifespan exceeding 200 years in the bowhead whale4,5,6,7,8,9. Thus, the range of mammalian lifespans covers roughly 2 orders of magnitude, with the model organism Mus musculus living for 2–3 years, while the bowhead whale lives 100 times as long. Furthermore, the bowhead whale can exceed 80,000 kg in mass1. Long life and large body mass predispose the bowhead whale to accumulating large numbers of DNA mutations throughout life. However, an increased number of cells and cell divisions in larger organisms does not lead to increased cancer incidence and shorter lifespans10. The apparent contradiction between expected and observed cancer rates in relation to species body mass has been noted for decades and is known as Peto’s paradox2,10,11,12. To remain alive for so long the bowhead whale must possess uniquely potent genetic mechanisms to prevent cancer and other age-related diseases. However, research on genetic and molecular mechanisms of ageing in the bowhead whale is scarce, consisting primarily of genome and transcriptome analysis13,14,15.
The multi-stage model of carcinogenesis posits that the transition from a normal cell to a cancer cell involves multiple distinct genetic ‘hits’ (mutations)16. Larger and longer-living species might require greater numbers of hits for oncogenic transformation, given their greater cell number and increased lifespan. Consistently, Rangarajan et al.17 found that whereas mouse fibroblasts require perturbation of two pathways for tumorigenic transformation (p53 and Ras), human fibroblasts require five hits (p53, RB, PP2A, telomerase and Ras). Species that are larger-bodied and longer-lived may be expected to have even more layers of protection against oncogenic transformation than humans. In support of this hypothesis, studies have identified copy number expansion and functional diversification of multiple tumour suppressor genes, such as TP53 and LIF, in elephants and other taxa18,19,20,21,22. These changes have been proposed to contribute to an enhanced apoptotic response to genotoxic stress leading to more robust elimination of damaged cells. However, enhanced apoptosis is unlikely to slow down ageing. One potential mechanism that could explain both cancer resistance and slower ageing in long-lived mammals is enhanced DNA repair and genome stability. Across species, several studies have also pointed towards improved DNA repair capacity and reduced mutation accumulation as characteristics associated with species longevity23,24,25,26,27.
Here we present evidence of cellular and molecular traits that may underlie cancer resistance and longevity in the bowhead whale. We show that bowhead whale cells are not more prone to apoptosis and do not require additional genetic hits for malignant transformation relative to human cells. Instead, the bowhead whale relies on improvements in DNA repair and the maintenance of genome stability. This more ‘conservative’ strategy that does not needlessly eliminate cells but repairs them may be beneficial for the long and cancer-free lifespan of the bowhead whale.
Bowhead whale displays attenuated SASP
Most human somatic cells lack telomerase activity and as a result undergo replicative senescence with serial passaging in culture28. Replicative and stress-induced senescence are important mechanisms for preventing cancer. We found that bowhead whale skin fibroblasts, similar to human fibroblasts, undergo replicative senescence upon serial passaging in culture (Fig. 1a), lack telomerase activity (Fig. 1b) and experience telomere shortening with serial passaging (Fig. 1c). Consistently, we did not detect telomerase activity in most bowhead whale tissues, except for a low level observed in skin (Extended Data Fig. 1a). In both whale and human, nearly all cells stained positive for senescence-associated β-galactosidase upon terminal growth arrest (Fig. 1d,e). As in human fibroblasts, stable overexpression of human telomerase reverse transcriptase (TERT) to maintain telomere length prevented replicative senescence in bowhead whale cells (Fig. 1a and Extended Data Fig. 1b). Upon exposure to 10 or 20 Gy of γ-irradiation, bowhead whale skin fibroblasts readily entered stress-induced senescence, but did not significantly induce cell death (Fig. 1d–f).
Fig. 1: Bowhead whale fibroblasts exhibit senescence with reduced SASP and low basal p53 activity.

a, Growth curves of primary and hTERT-immortalized skin fibroblasts (n = 3, biological replicates for each cell line). b, Telomerase activity measured by TRAP assay in skin fibroblasts from mouse, naked mole rat (NMR), human and three different bowhead whales (whale 1–3). HeLa cells are shown as a positive control. c, Telomere length in skin fibroblasts from human and bowhead whale (Whale) at indicated population doublings (PD) measured by telomere restriction fragment (TRF) assay. For gel source data, see Supplementary Fig. 1. d, Percentage of SA-β-gal-positive human and bowhead whale skin fibroblasts following γ-irradiation (12 days) (n = 3, biological replicates for each species) or during replicative senescence (RS) (n = 2). P values were calculated using Welch’s two-sided t-test. e, Representative images of SA-β-gal staining in human and bowhead whale skin fibroblasts after γ-irradiation or replicative senescence. Scale bars, 100 µm. f, Quantification of cell death of human and bowhead whale fibroblasts in response to γ-irradiation. Three days post-irradiation, cells were analysed by annexin V/propidium iodide (PI) apoptosis assay (n = 3, biological replicates for each species). g, SASP induction measured by mRNA expression in human and bowhead whale fibroblasts 12 days after γ-irradiation. h, p53 reporter activity in mouse, cow, human and bowhead whale fibroblasts transfected with a p53-responsive luciferase vector. Firefly/Renilla luciferase ratios (pp53-TA-luc/Renilla) are shown (n = 3 biological replicates for mouse, human and bowhead whale; n = 2 for cow). i, Quantification of cell death of fibroblasts in response to UVC irradiation (n = 3 biological replicates for mouse, human and bowhead whale; n = 2 for cow). Two days after treatment, cells were analysed by annexin V/PI assay. P values were calculated using Welch’s two-sided t-test. Data are presented as mean ± s.d.
Notably, transcriptome analysis of human and bowhead whale senescent fibroblasts showed reduced induction of senescence-associated secretory phenotype (SASP) factors in bowhead whale fibroblasts (Fig. 1g) relative to human cells. These transcriptomic differences may indicate that senescent cells in the bowhead whale are less inflammatory which may be beneficial for longevity.
Cancer resistance in elephants has been linked to increased p53 activity and heightened apoptosis18,19,20. By contrast, bowhead whale fibroblasts displayed lower basal p53 activity (Fig. 1h) and no increase in apoptosis compared with human cells following genotoxic stress (Fig. 1i and Extended Data Fig. 1c). These findings suggest that enhanced p53 signalling is unlikely to be a major contributor to bowhead whale cancer resistance.
Oncogenic transformation of whale cells
We investigated the minimal combination of genetic hits that was required for malignant transformation of bowhead whale fibroblasts. In soft agar assays, human primary fibroblasts that expressed human TERT (hTERT) required HRAS(G12V), SV40 large T (LT) and SV40 small T (ST) for anchorage-independent growth, consistent with published findings17 (Fig. 2a). By contrast, bowhead whale fibroblasts that express hTERT were transformed by only HRAS(G12V) and SV40 LT, suggesting that fewer hits are sufficient (Fig. 2a and Extended Data Fig. 1d,e). Mouse xenograft assays supported these observations, with tumour growth requiring the same number of hits as in soft agar (Fig. 2b).
Fig. 2: Fewer tumour suppressor hits are required for oncogenic transformation of bowhead whale fibroblasts than for human fibroblasts.

a, Bottom, representativeimages of fibroblast colonies from the indicated cell lines after four weeks of growth in soft agar. Top, table indicating whether each gene is overexpressed (+), inactivated (−) or expressed in its wild-type (WT) endogenous form. Text above individual images denotes whether tumour suppressors are inactivated via genetic knockout or expression of SV40 large T antigen (LT or LT mutants) or small T antigen (ST). Icons in image corners indicate species. Scale bars, 250 µm. Human icon: https://freesvg.org/1548372886, licensed under CC0 1.0 Public Domain Dedication. Bowhead whale image: https://share.google/images/zqVyjpmCDK8N2Dm2j, licensed under CC BY-SA 3.0. No changes were made. b, Volumetric tumour growth curves of the indicated bowhead whale fibroblast cell lines in mouse xenograft assays. All lines shown stably express HRAS(G12V) and hTERT, in addition to the genotypes indicated. Each data point represents the average from six injections per cell line, except for TP53−/−RB1−/− double knockouts, for which two independent cell lines were tested (12 injections total). Experiments were terminated upon reaching thresholds for maximum tumour size or experimental duration, as described in Methods. Representative images of mice at the final measured time point are shown below. Error bars indicate s.e.m.
To test this genetically, we generated CRISPR knockouts of TP53, RB1 and PTEN in bowhead whale hTERT+ fibroblasts. Knockout was confirmed by immunoblot (Extended Data Fig. 1f–j), luciferase reporters (Extended Data Fig. 1k,l) and sequencing (Supplementary Figs. 2 and 3). Inactivation of TP53 and RB1, combined with HRAS(G12V) expression, was sufficient for malignant transformation (Fig. 2a,b). These findings suggest that despite its larger size and longer lifespan, the cells of the bowhead whale require fewer mutational hits for malignant transformation than human cells. We note, however, that these experiments were performed in fibroblasts, whereas most human cancers originate in epithelial cells; additional work will be needed to determine whether the same requirements apply across different cell types.
Lower mutation rates in whale cells
As bowhead whale cells displayed lower p53 activity and required fewer mutational hits for transformation, we hypothesized that cancer resistance might be associated with lower mutation rates. Whole-genome sequencing of bowhead whale, human and mouse fibroblast-derived tumour xenografts and parental non-transformed cells revealed similar relative proportions of single nucleotide variants (SNVs) across species (Extended Data Fig. 2a,b). However, the frequency of de novo somatic SNVs was significantly lower in bowhead whale tumours compared with human and mouse (Extended Data Fig. 2c). Bowhead whale tumours also showed reduced numbers of small insertion–deletion mutations (indels) and large structural variants (SVs), including deletions, insertions, duplications and inversions (Extended Data Fig. 2d–h), with a marked reduction in SVs more than 500 kb in size (Extended Data Fig. 2i,j).
After treatment with N-ethyl-N-nitrosourea (ENU) using single-molecule mutation sequencing (SMM-seq)29 bowhead whale cells showed the smallest increase in SNVs, whereas mouse cells showed the largest increase (Extended Data Fig. 3a,b and Supplementary Fig. 4). HPRT mutagenesis assays further confirmed lower mutation rates in whale fibroblasts compared with human fibroblasts after treatments with ENU, 1-methyl-3-nitro-1-nitrosoguanidine (MNNG), ethyl methanesulfonate (EMS) or γ-irradiation (Extended Data Fig. 3c–f). Collectively, these results demonstrate that bowhead whale cells display lower spontaneous and induced mutation rates and are especially resistant to accumulation of SVs.
Enhanced DSB repair in bowhead whale
To understand the underlying mechanisms of reduced mutation rates in the bowhead whale, we assessed the efficiency of DNA repair pathways. Nucleotide excision repair activity was comparable between whale and human fibroblasts (Extended Data Fig. 4a,b), and base excision repair showed a trend towards higher activity in whale cells, but the difference was not statistically significant (Extended Data Fig. 4c).
By contrast, PARP activity was markedly higher in whale fibroblasts after H2O2 or γ-irradiation, as well as under basal conditions (Extended Data Fig. 4d–f). Whale cells also displayed higher survival after H2O2 treatment and slightly faster repair, as measured by alkali comet assay (Extended Data Fig. 4g,h). Mismatch repair was significantly more efficient in whale cells than in mouse, cow (Bos taurus) and human fibroblasts (Extended Data Fig. 4i).
Finally, we assessed DNA double-strand break (DSB) repair, a repair pathway showing strong correlation with species’ longevity26,30. Whale fibroblasts exhibited significantly higher frequencies of both non-homologous end joining (NHEJ) and homologous recombination (HR) than other species (Fig. 3a,b and Extended Data Fig. 5a,b). Lower endogenous γH2AX and 53BP1 foci suggested a reduced baseline burden of DSBs (Fig. 3c and Extended Data Fig. 5c). After bleomycin treatment, whale fibroblasts resolved DSB foci more rapidly than human cells and were more resistant to bleomycin and etoposide in clonogenic assays (Fig. 3c–e). Consistently, micronuclei formation was reduced after γ-irradiation (Fig. 3f and Extended Data Fig. 5d). Collectively, these results suggest that bowhead whale fibroblasts have enhanced mismatch and DSB repair, which may help protect the whale against mutations, structural variation and chromosomal instability.
Fig. 3: The bowhead whale exhibits enhanced DSB repair compared with humans and other mammals.

a,b, NHEJ and HR frequencies measured using fluorescent reporter constructs (n = 3 biological replicates per species). Data are presented as mean ± s.d. P values were calculated using Welch’s two-sided t-test. Experiments were independently repeated three times with similar results. c, γH2AX–53BP1 foci with or without bleomycin (5 µg ml−1, 1 h). Each dot represents one nucleus; at least 150 nuclei analysed per species. Data from biological replicates (n = 3 per species) were combined. Data are presented as mean ± s.d. P values were calculated using unpaired t-test. d,e, Clonogenic survival of fibroblasts after bleomycin (1 h) or etoposide (3 h). Colonies were fixed and stained two weeks (human) or three weeks (whale) after plating (n = 3 biological replicates per species). Data are presented as mean ± s.e.m. P values were calculated using Welch’s two-sided t-test. f, Micronuclei in binucleated cells 48 h after 2 Gy γ-irradiation (n = 4 biological replicates per species). Data are presented as mean ± s.d. P values were calculated using Welch’s two-sided t-test. g, Histograms of CRISPR-induced indel size distributions by species. Data from biological replicates are overlaid; lines connect samples. h, Distribution of PTEN allele variants after CRISPR-induced DSBs at a conserved PTEN locus (n = 3 biological replicates for bowhead whale, human and mouse; n = 2 for cow). i, Allele plots showing the 15 most frequent allele types in one representative cell line per species within a 40-bp window around the cleavage site. Bars indicate proportions of total alleles. Rows represent pooled alleles with identical sequences in the window.
More accurate NHEJ in bowhead whale
As NHEJ is a mutagenic pathway, we assessed the fidelity of NHEJ repair in the bowhead whale cells. Sequencing and analysis of repair junctions from integrated and extrachromosomal NHEJ reporters revealed that compared with human, the bowhead whale produced fewer deletions (Extended Data Fig. 6a–c).
We also measured the fidelity of NHEJ at an endogenous genomic locus. To compare mutational outcomes of CRISPR break repair across species, we introduced breaks in exon 1 of the conserved PTEN gene in bowhead whale, human, cow and mouse fibroblasts and performed deep sequencing. Species-specific outcomes were consistent across cell lines derived from multiple individual animals of each species (Fig. 3g–i and Supplementary Fig. 5). In human, cow and mouse, deletions predominated, whereas bowhead whale cells showed the highest fraction of unmodified alleles, consistent with accurate repair (Fig. 3h). Sequencing of untreated controls confirmed that observed indels were CRISPR-induced. CRISPR efficiency was comparable across species (Extended Data Fig. 6d and Supplementary Fig. 6a,b), supporting that the higher unmodified allele fraction in whales reflected greater repair fidelity. Furthermore, bowhead whale fibroblasts had the lowest frequency of large deletions, without altered microhomology usage (Extended Data Fig. 6e,f). These results suggest that NHEJ in the bowhead whale has higher fidelity than in humans and other mammals.
CIRBP contributes to efficient DSB repair
To identify mechanisms that contribute to efficient and accurate DSB repair in the bowhead whale, we compared expression of DNA repair proteins across mammals by immunoblot, quantitative mass spectrometry and transcriptome sequencing. Surprisingly, Ku70, Ku80 and DNA-PKcs were more abundant in human than in other species, including the bowhead whale, suggesting a human-specific adaptation (Fig. 4a and Extended Data Fig. 7a).
Fig. 4: CIRBP is highly expressed in the bowhead whale and promotes DNA DSB repair and genome stability.

a, Western blot analysis of DNA repair proteins in primary fibroblasts from different species. For gel source data, see Supplementary Fig. 1. b,c, NHEJ and HR frequencies measured using GFP reporter constructs in human fibroblasts overexpressing bwCIRBP or CIRBP(9R/A) (n = 3 independent experiments). Data are presented as mean ± s.d. P values were calculated using Welch’s two-sided t-test. Experiments were independently repeated three times with similar results. d, Western blot of human fibroblasts overexpressing wild-type or 9R/A mutant bwCIRBP (left) and of bowhead whale fibroblasts transfected with siRNA targeting CIRBP (siCIRBP) or non-targeting siRNA (siNT) (right). For gel source data, see Supplementary Fig. 1. e,f, Knockdown of CIRBP in bowhead whale fibroblasts decreases NHEJ and HR frequencies (n = 3 independent experiments). Data are presented as mean ± s.d. P values were calculated using Welch’s two-sided t-test. g, γH2AX–53BP1 foci after bleomycin (5 µg ml−1, 1 h). Each dot represents one nucleus; at least 50 nuclei analysed. Data from n = 2 human fibroblast lines overexpressing bwCIRBP were combined. Data are presented as mean ± s.d. P values were calculated using unpaired t-test. h, Overexpression of CIRBP reduces the percentage of binucleated cells with micronuclei in human fibroblasts 3 days after 2 Gy γ-irradiation (n = 3 biological replicates). Data are presented as mean ± s.d. P values were calculated using Welch’s two-sided t-test. i, In vitro NHEJ ligation assay using BamHI-linearized pUC19 with XRCC4–ligase IV with or without Ku70–Ku80 and increasing CIRBP. PAXX served as negative control and XLF served as positive control. Products were resolved on agarose gels. j, Exonuclease protection assay with BamHI-linearized plasmid DNA incubated with CIRBP followed by T7 exonuclease digestion. Reactions were resolved on agarose gels.
By contrast, CIRBP was markedly abundant in bowhead fibroblasts and tissues (Fig. 4a and Extended Data Fig. 7a–e), but largely undetectable in other mammals except humpback whale, with moderate levels in dolphins (Extended Data Fig. 7f). CIRBP is a stress-responsive RNA- and poly(ADP-ribose) (PAR)-binding protein implicated in DNA damage responses31,32,33,34. Levels of PARP1, a CIRBP partner, were also higher in bowhead whale cells (Fig. 4a and Extended Data Fig. 7a), and transcriptome analysis revealed upregulation of multiple DSB repair genes, including CtIP (also known as RBBP8) (Extended Data Fig. 8).
Human and bowhead CIRBP proteins differ by five C-terminal amino acid residues (Extended Data Fig. 9a–c). Substitution of these five residues in human CIRBP (hCIRBP) with bowhead whale residues increased protein abundance, whereas substitution of bowhead whale CIRBP (bwCIRBP) with the 5 hCIRBP residues decreased it (Extended Data Fig. 9d,e). Although CIRBP abundance increased following introduction of the five bowhead substitutions, it did not achieve the expression levels of bwCIRBP, suggesting that synonymous changes to the mRNA coding sequence contribute to higher translation efficiency of bwCIRBP. Consistently, bwCIRBP has a higher codon adaptation index (CAI)35 than hCIRBP (Extended Data Fig. 9e). These results suggest that baleen whales evolved to express very high levels of CIRBP.
To examine the role of high CIRBP levels in NHEJ and HR repair pathways, we overexpressed bwCIRBP in human cells with integrated reporters. Overexpression increased the frequency of successful NHEJ and HR repair events and reduced indel rates (Fig. 4b–d, Extended Data Fig. 10a–c and Supplementary Table 1). Conversely, CIRBP depletion in bowhead whale cells by small interfering RNA (siRNA) significantly reduced NHEJ and HR efficiency and increased deletions (Fig. 4d–f and Extended Data Fig. 10d). Furthermore, human fibroblasts with integrated NHEJ reporters displayed enhanced NHEJ when cultured at 33 °C rather than 37 °C, accompanied by an increase in CIRBP protein abundance (Extended Data Fig. 10e). Consistent with published observations, overexpression of bwCIRBP with nine arginines in the repeated RGG motif mutated to alanines (bwCIRBP(9R/A)), which impairs the ability of CIRBP to bind to PAR polymers33, did not stimulate HR and reduced stimulation of NHEJ (Fig. 4b–d).
Overexpression of bwCIRBP accelerated γH2AX–53BP1 foci resolution after bleomycin (Fig. 4g) and increased resistance to bleomycin and etoposide (Extended Data Fig. 11f,g). CIRBP overexpression also reduced basal and induced micronuclei (Fig. 4h and Extended Data Fig. 10h) and irradiation-induced chromosomal aberrations (Extended Data Fig. 10i). Collectively, these results suggest that high CIRBP abundance enhances NHEJ and HR efficiency, reduces mutagenic indels and promotes chromosomal stability in the bowhead whale.
Mechanisms of CIRBP genome protection
CIRBP has been reported to localize to DSBs and facilitate ATM signalling33. In bowhead whale cells, CIRBP was primarily nuclear, present in soluble and chromatin-associated fractions (Extended Data Fig. 11a). This chromatin association was largely RNA-dependent (Extended Data Fig. 11a) and increased transiently after DNA damage (Extended Data Fig. 11b). Damage-induced enrichment was sensitive to RNase A, suggesting that local RNA binding contributes to CIRBP recruitment (Extended Data Fig. 11c). Similar to other RNA-binding proteins36, CIRBP may be targeted to DSBs via PAR and RNA.
In vitro analyses using recombinant bwCIRBP and hCIRBP (Extended Data Fig. 11d) showed comparable PAR-binding affinities (Extended Data Fig. 11e), although the higher CIRBP abundance in whales is likely to increase total PAR-binding capacity.
Recombinant CIRBP produced concentration-dependent shifts of RNA and DNA substrates in electrophoretic mobility assays (Extended Data Fig. 11f,g), suggesting an ability to bind nucleic acids, consistent with previous reports. At high CIRBP concentrations, nearly all RNA and DNA fragments were retained in the well, suggesting an ability of CIRBP to tether or aggregate nucleic acid.
Human CIRBP also enhanced end joining of a linearized plasmid by the XRCC4–ligase IV complex (Fig. 4i) and promoted binding of Ku70–Ku80 to DNA (Extended Data Fig. 11h). In addition, human CIRBP protected DNA ends from degradation by T7 exonuclease in linearized plasmid and Y-structured substrates (Fig. 4j and Extended Data Fig. 11i).
Together, these results suggest that CIRBP is recruited to DNA DSBs, where it facilitates binding of DNA repair proteins and protects DNA ends from resection. Although there was no difference in PAR binding between the human and whale proteins, higher abundance of the whale CIRBP is likely to provide better protection against DSBs. Additional studies will be required to determine the precise mechanisms by which CIRBP promotes NHEJ and HR.
CIRBP reduces malignant transformation
We next tested whether high CIRBP levels affect malignant transformation. Overexpression of bwCIRBP in human fibroblasts containing SV40 LT, SV40 ST, HRAS(G12V) and hTERT delayed colony formation in soft agar compared with controls (Extended Data Fig. 12a,b). CIRBP expression did not alter proliferation or viability in 2D culture (Extended Data Fig. 12c,d) and had no effect on SV40 LT, HRAS(G12V) or the cell cycle regulators p16INK4a and p21 (Extended Data Fig. 12e), indicating that growth delay was not due to cell death or cell cycle arrest. Of note, CIRBP-overexpressing transformed cells showed fewer chromosomal aberrations (Extended Data Fig. 12f). In mouse xenografts, CIRBP overexpression delayed tumour growth relative to luciferase controls (Extended Data Fig. 12g) and showed a trend towards reduced large deletions (Extended Data Fig. 12h). Together, these results suggest that increased abundance of CIRBP attenuates malignant transformation, possibly by reducing genomic instability. We note that these findings are limited to fibroblast models rather than epithelial cells, where most human cancers arise.
CIRBP promotes resilience in Drosophila

To evaluate whether the genome-protective effects of CIRBP extend to an in vivo model, we overexpressed human and bowhead whale CIRBP in Drosophila using a conditional Gal4-Geneswitch system37 (Extended Data Fig. 13a). RU486 addition did not affect survival (Extended Data Fig. 13b). Remarkably, overexpression of both human and whale CIRBP resulted in consistent lifespan extension compared with controls (Fig. 5a and Extended Data Fig. 13c,d). CIRBP overexpression strongly improved survival after ionizing radiation (Fig. 5b and Extended Data Fig. 13e,f), indicating increased resistance to DNA damage in vivo. These results support a role for CIRBP in promoting genome stability and organismal longevity.
Fig. 5: CIRBP overexpression extends lifespan and enhances DNA damage resistance in Drosophila.

a, Conditional (daughterless-GeneSwitch, medium dose) CIRBP overexpression extends adult lifespan. lnHR (natural logarithm of the hazard ratio) indicates the effect size estimated by Cox models. Human CIRBP: lnHR = –0.31 ± 0.09, P = 0.0006 (two-sided, mixed-effects Cox proportional hazards model (coxme)); bowhead whale CIRBP: lnHR = –0.29 ± 0.14, P = 0.045 (two-sided, coxme). CIRBP also extends survival after lethal X-ray irradiation. Human CIRBP: lnHR = –2.0 ± 0.44, P = 0.0000049 (two-sided, standard Cox model (coxph)); bowhead whale CIRBP: lnHR = –0.69 ± 0.34, P = 0.043 (two-sided, coxph). Statistical significance was determined using mixed-effects Cox proportional hazards models for lifespan and standard Cox models for post-irradiation survival. All tests were two-sided; no adjustments for multiple comparisons were applied. For complete dose–response data, see Extended Data Fig. 13. b, Genome maintenance strategies in bowhead whale and human. The bowhead whale has evolved efficient and accurate DSB repair, mediated in part by high CIRBP expression. This enhanced repair capacity may contribute to cancer resistance, despite bowhead whale cells requiring fewer mutational hits for oncogenic transformation than human cells. Instead of relying primarily on elimination of damaged cells through apoptosis or senescence, improved DNA repair may underlie the bowhead whale’s exceptional longevity and resistance to cancer. Bowhead whale image: https://share.google/images/zqVyjpmCDK8N2Dm2j, licensed under CC BY-SA 3.0. No changes were made. The graphical summary was created with BioRender. Zacher, M. (2025), https://BioRender.com/gyk1r04.
Discussion
By studying a mammal that is capable of maintaining its health and avoiding death from cancer for more than two centuries, we are offered a unique glimpse behind the curtain of a global evolutionary experiment that tested more mechanisms affecting cancer and ageing than humans could hope to approach. Through experiments using primary fibroblasts and tissues from the bowhead whale, we experimentally determined genetic requirements for oncogenic transformation in the longest living mammal and provide evidence that additional tumour suppressors are not the only solutions to Peto’s paradox. Instead, our data suggest that bowhead whales may rely on enhanced maintenance of genome integrity. We also identify CIRBP, a cold-inducible RNA-binding protein that is highly expressed in bowhead whale cells and tissues, as a contributor to this process, supporting DSB repair and reducing chromosomal abnormalities (Fig. 5b).
The exact mechanism by which CIRBP promotes DSB repair and protects DNA ends from degradation remains to be determined. CIRBP has been shown to undergo liquid–liquid phase separation (LLPS) in vitro38. We hypothesize that CIRBP may concentrate repair factors and stabilize the DNA ends through LLPS. Although overexpression of DNA repair enzymes may be detrimental, the potential role of CIRBP in forming a protective condensate around a DSB, is consistent with more abundant CIRBP providing greater benefit.
There are currently no approved therapies that aim to bolster DNA repair for the prevention of cancer or age-related decline39, and it has been suggested that DNA repair would be difficult or even impossible to improve40. However, the bowhead whale provides evidence that this notion is incorrect. Expression of bwCIRBP in human cells promotes genome stability. Therapies based on the evolutionary strategy of the bowhead whale, increasing activity or abundance of proteins such as CIRBP, could one day enable the treatment of genome instability as a modifiable disease risk factor. This could be especially important for patients with increased genetic predisposition for cancer, or more generally, for ageing populations at increased risk for developing cancer (further discussion is provided in the Supplementary Discussion).
Methods
Reagents
Detailed information on reagents, such as antibodies and sequences of primers, probes, CRISPR guides, and siRNAs, is provided in Supplementary Table 2.
Animal experiments
All animal experiments were approved and performed under pre-approved protocols and in accordance with guidelines set by the University of Rochester Committee on Animal Resources (UCAR).
Whale sample collection
Bowhead whale tissues were obtained from adult bowhead whales (B. mysticetus) captured during 2014 and 2018 Iñupiaq subsistence harvests in Barrow (Utqiaġvik), Alaska, in collaboration with the North Slope Borough Department of Wildlife Management and Alaska Eskimo Whaling Commission after signing a Memorandum of Understanding (September 2014 and March 2021). Tissues were sampled immediately after bowhead whales were brought ashore, after permission to sample was given by the whaling captain, and explants kept in culture medium on ice or at 4 °C through initial processing and shipping until arrival at the University of Rochester for primary fibroblast isolation from skin and lung. Transfer of bowhead whale samples from North Slope Borough Department of Wildlife Management to University of Rochester was under National Oceanic and Atmospheric Administration (NOAA)/National Marine Fisheries Service permit 21386.
Cells and tissues used in the study
Multiple individuals of each species were used in each experiment. For details see Supplementary Table 2.
Establishing primary cell cultures
Primary skin fibroblasts were isolated from skin (dermal) tissues as previously described41. In brief, skin tissues were shaved and cleaned with 70% ethanol. Tissues were minced with a scalpel and incubated in DMEM/F-12 medium (ThermoFisher) with Liberase (Sigma) at 37 °C on a stirrer for 15–90 min. Tissues were then washed and plated in DMEM/F-12 medium containing 12% fetal bovine serum (GIBCO) and Antibiotic-Antimycotic (GIBCO). All subsequent maintenance culture for fibroblasts from bowhead and other species was in EMEM (ATCC) supplemented with 12% fetal bovine serum (GIBCO), 100 units ml−1 penicillin, and 100 mg ml−1 streptomycin (GIBCO). All primary cells were cultured at 37 °C with 5% CO2 and 3% O2 except bowhead whale cells, which were cultured at 33 °C with 5% CO2 and 3% O2 based on published field measurements of bowhead body temperature, which measured a core temperature of 33.8 °C and a range of lower temperatures in muscle and peripheral tissue42,43. Prior to beginning experiments with bowhead whale fibroblasts, optimal growth and viability conditions were empirically determined through testing of alternative temperatures, serum concentrations, and cell culture additives, with optimal culture medium found to be the same for bowhead and other species. Following isolation, low population doubling primary cultures were preserved in liquid nitrogen, and population doubling was continually tracked and recorded during subsequent use for experiments.
Established primary fibroblasts from mammals were obtained from San Diego Zoo Wildlife Alliance (hippopotamus, common dolphin and humpback whale) or generated at Huntsman Cancer Institute from bottlenose dolphin tissues collected by Georgia Aquarium through T. Harrison under Institutional Animal Care and Use Committee (IACUC) oversight and California sea lion tissues collected by L. Palmer at the Marine Mammal Care Center Los Angeles (MMCCLA) under a stranding agreement from NOAA Fisheries West Coast Region (WCR). Two male adult and one female wild adult California sea lion were rescued by MMCCLA. The ill animals either died during care or were humanely euthanized under NOAA Fisheries WCR Marine Mammal Euthanasia Best Practices. Necropsy tissues were transferred to Huntsman Cancer Institute under NOAA National Marine Fisheries Service letters of authorization.
Soft agar assay
Fibroblast culture medium as described above was prepared at 2× concentration using 2× EMEM (Lonza). To prepare the bottom layer of agar plates, 2× medium was mixed with a sterile autoclaved solution of 1.2% Noble Agar (Difco) at a 1:1 volumetric ratio, and 3 ml of 1× medium/0.6% agar was pipetted into each 6-cm cell culture dish and allowed to solidify at room temperature in a tissue culture hood. To plate cells into the upper layer of soft agar, cells were collected and washed, and immediately prior to plating were resuspended in 2× medium at 20,000 cells per 1.5 ml and diluted twofold in 0.8% Noble Agar pre-equilibrated to 37 °C. The cells in 0.4% agar/1× medium were pipetted gently to ensure a homogeneous single cell suspension, and 3 ml (20,000 cells) per 6 cm dish were layered on top of the solidified lower layer. After solidifying in tissue culture hoods for 20–30 min, additional medium was added to ensure the agar layers were submerged, and dishes were moved into cell culture incubators. Fresh medium was added onto the agar every 3 days. 4 weeks after plating, viable colonies were stained overnight with nitro blue tetrazolium chloride (Thermo Fisher) as previously described44. All cell lines were plated in triplicate. For details see Supplementary Table 2.
Images of colonies in soft agar were captured using the ChemiDoc MP Imaging System (Bio-Rad). Colony quantification was performed using ImageJ software (NIH). Initially, images were converted to 8-bit format. Subsequently, the threshold function was adjusted to eliminate any red pixels highlighting non-colony objects. Following threshold adjustment, images were converted to binary. Colony counting was executed using the ‘Analyze particles’ function with the following parameters: Size (pixel^2) = 1 to infinity; Circularity = 0.5 to 1.
Mouse xenograft assay
NIH-III nude mice (Crl:NIH-Lystbg-J Foxn1nuBtkxid) were purchased from Charles River Laboratories. Seven-week-old female mice were used to establish xenografts and were kept under specific pathogen-free conditions at the vivarium of University of Rochester. Mice were housed in 12 h light:12 h dark cycle, at temperatures 18–23 C, with 40–60% humidity. For each injection, 2 × 106 cells were collected and resuspended in 100 μl of ice-cold 20% matrigel (BD Bioscience) in PBS (Gibco). Mice were anaesthetized with isoflurane gas, and 100 μl solution per injection was injected subcutaneously into the right and left flanks of each mouse with a 22-gauge needle. Three mice were injected bilaterally, for a total of six injections, per cell line tested. Tumour length and width were measured and recorded every 3–4 days. Mice were euthanized after reaching a predetermined humane tumour burden endpoint of a maximum tumour dimension of 20 mm in diameter, determined by the longest dimension of the mouse’s largest tumour. For mice that did not reach tumour burden endpoints, experiments were terminated, and mice euthanized after a maximum of 60 days. Euthanized mice were photographed, and tumours were excised, photographed, and weighed to determine the mass of each tumour. Sections of each tumour were frozen at −80 °C and preserved in formalin. All animal experiments were approved by the University of Rochester Committee for Animal Research, Protocol number 2017-033.
MTT assay
Cell metabolic activity was determined using Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma). Cells were seeded in 24-well plates at a density of 20,000 cells per well one day before the assay. An MTT solution in PBS was added to the growth medium to achieve a final concentration of 0.5 mg ml−1, and cells were then incubated for 4 h in a CO2 incubator. Following incubation, the growth medium was discarded, and 0.5 ml of DMSO was added to each well to solubilize the purple formazan crystals completely. The plate was further incubated until the crystals were fully dissolved. For details see Supplementary Table 2. Spectrophotometric absorbance of the samples was measured at a wavelength of 570 nm using a Tecan Spark 20 M plate reader.
Telomere lengths
Telomere length was analysed by Southern blot using the TRF method. Genomic DNA was extracted from cultured fibroblasts at different population doublings, digested with a mixture of AluI, HaeIII, RsaI, and HinfI restriction enzymes that do not cut within telomeric repeat sequences, separated using pulsed-field gel electrophoresis, and hybridized with a radiolabelled oligonucleotide containing telomeric sequence (TTAGGG)4. Pulsed-field gels were run using a CHEF-DR II apparatus (Bio-Rad) for 22 h at a constant 45 V, using ramped pulse times from 1 to 10 s.
Telomeric repeat amplification protocol
Telomeric repeat amplification protocol assay was performed using the TRAPeze kit (Chemicon) according to manufacturer instructions. In brief, in the first step of the TRAP assay, radiolabelled substrate oligonucleotide is added to 0.5 μg of protein extract. If telomerase is present and active, telomeric repeats (GGTTAG) are added to the 3′ end of the oligonucleotide. In the second step, extended products are amplified by PCR. Telomerase extends the oligonucleotide by multiples of 6 bp, generating a ladder of products of increasing length. A human cancer cell line overexpressing telomerase as well as rodent cells were used as a positive control.
CRISPR ribonucleoprotein transfection
CRISPR RNP complexes were formed in vitro by incubating Alt-R S.p.Cas9 Nuclease V3 (Integrated DNA Technologies) with tracRNA annealed to target-specific CRISPR RNA (crRNA) (Integrated DNA Technologies) according to manufacturer instructions. For generation of tumour suppressor knockouts, 3 RNP complexes with crRNAs targeting different sites in a single target gene were combined and Alt-R Cas9 Electroporation Enhancer (Integrated DNA Technologies) was added to transfection mixes prior to electroporation. For comparative analysis of repair fidelity, 3 μg of pmaxGFP plasmid (Lonza) was added to transfection mixes to monitor transfection efficiency. Cells were trypsinized and washed with PBS, and 1 × 106 cells were resuspended in 100 μl of NHDF Nucleofector Solution (Lonza). The cell suspension was then combined with the CRISPR transfection solution and gently mixed prior to electroporation on an Amaxa Nucleofector 2b (Lonza) using program U-23. For details see Supplementary Table 2.
Isolation of clonal cell colonies and screening for tumour suppressor knockout
Following CRISPR transfection, cells were plated at low density in 15 cm dishes to allow for the formation of isolated colonies. Once clonal colonies of sufficient size had formed, positions of well-isolated colonies were visually marked on the bottom of the cell culture dish while under a microscope using a marker. Dishes were aspirated and washed with PBS. Forceps were used to dip PYREX 8 × 8 mm glass cloning cylinders in adhesive Dow Corning high-vacuum silicone grease (Millipore Sigma) and one glass cylinder was secured to the dish over each marked colony. One-hundred and fifty microlitres of trypsin was added to each cylinder and returned to the incubator. When cells had rounded up from the plate, the trypsin in each cylinder was pipetted to detach cells and each colony was added to a separate well in a 6 cm culture dish containing culture medium. After colonies were expanded and split into two wells per colony, one well was collected for western blot screening for absence of target proteins, while the remaining well was kept for further experiments.
Luciferase reporter assays for knockout verification
For p53 activity measurement, 106 cells of control (wild-type) and clonally isolated p53-knockout cell lines were electroporated with 3 µg p53 firefly luciferase reporter plasmid pp53-TA-Luc (Clontech/Takara) and 0.3 μg Renilla luciferase control plasmid pRL-CMV (Promega) on an Amaxa Nucleofector 2b (Lonza). Twenty-four hours later, cells were treated with 200 μM etoposide (Sigma) to induce p53 activity. Twenty-four hours following etoposide treatment, cells were collected, and luciferase activity of cell lysates was measured using the Dual-Luciferase Reporter Assay System (Promega) in a GloMax 20/20 Luminometer (Promega) according to manufacturer instructions. For details see Supplementary Table 2.
For RB activity measurement, two different reporters were tested in parallel: pE2F-TA-Luc (Clontech/Takara) to measure E2F transcriptional activity (repressed by RB), and pRb-TA-Luc (Clontech/Takara) (promoter element directly suppressed by RB). One million cells of control (wild-type) and clonally isolated RB-knockout cell lines were electroporated with 3 µg of either pE2F-TA-luc or pRb-TA-luc and 0.3 ug Renilla luciferase plasmid on an Amaxa Nucleofector 2b (Lonza). Following transfection, cells were grown in complete medium for 24 h followed by serum-free medium for 24 h. Cells were then collected, and luciferase activity measured as described above. For details see Supplementary Table 2.
Error-corrected sequencing by SMM-seq of ENU-mutated cells
Skin fibroblasts from mouse, cow, human and whale were isolated and cultured as described before. Confluent cells were treated with 20 mg ml−1 ENU overnight. Then cells were split 1:4 and grown until confluence for collection.
Genomic DNA (gDNA) was isolated from frozen cell pellets using the Quick DNA/RNA Microprep Plus Kit (Zymo D7005). Three hundred nanograms were used for library preparation as described45: in brief, DNA was enzymatically fragmented, treated for end repair before adapter ligation and exonuclease treatment. A size selection step was performed using a 1.5% cassette on a PippinHT machine prior pulse rolling circle amplification (RCA) and indexing PCR. Library quality was determined with a Tape Station (Agilent) and quantified with Qubit (Thermo Fisher). All libraries were sequenced by Novogene on an Illumina platform.
Sequencing analysis and mutation calling were performed as described45, using the following tools: Python v.2.7.18, TrimGalore v.0.4.1, BWA v.0.7.13, Samtools v.1.9, Picard v.1.119, GenomeAnalysisTK v.3.5, Bcftools v.1.9, and tabix v.0.2.6. Mutations were called using SMM (https://github.com/msd-ru/SMM). Downstream analyses were conducted in R v.4.3.3 with MutationalPatterns v.3.12.0. Germline variants were distinguished from somatic mutations by additional filtering steps after alignment to the reference genome.
Graphs were generated and statistical testing was performed using GraphPad Prism.
Next-generation sequencing of CRISPR repair products
Seventy-two hours after transfection, cells were collected, and genomic DNA was isolated with the Wizard Genomic DNA Purification Kit (Promega). DNA concentration was measured on a Nanodrop spectrophotometer and 100 ng of DNA per sample was PCR-amplified with KAPA2G Robust HotStart ReadyMix (Roche) based on findings of low PCR bias for KAPA polymerase46,47. Primers targeted a conserved region surrounding PTEN exon 1 (Extended Data Fig. 4a). PCR was performed according to manufacturer instructions, with an annealing temperature of 66 °C for 30 cycles. To purify samples for next-generation sequencing, PCR products were electrophoresed on a 0.8% agarose gel and post-stained with SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher). Gels were visualized on a blue light tray (Bio-Rad) to minimize damage to DNA. A gel slice for each lane was excised using a scalpel, and each slice was cut to include the region ranging from just above the prominent PTEN PCR band down to and including the ‘primer dimer’ region to ensure inclusion of any deletion alleles. DNA was extracted from gel slices using the QiaQuick Gel Extraction Kit (Qiagen), and triplicate PCR reaction eluates per sample were pooled for sequencing. Sample concentrations were measured by Nanodrop and adjusted as necessary prior to submission for 2× 250 bp paired-end Illumina MiSeq sequencing with target depth of >40,000 reads per sample (Genewiz). For details see Supplementary Table 2.
Analysis of CRISPR NGS data
FASTQ files from each sequenced sample were analysed with both CRISPResso248, which uses an alignment-based algorithm, and CRISPRPic49, which uses a kmer-based algorithm. CRISPResso2 was run using the following parameters: window size = 30, maximum paired-end overlap = 500, bp excluded from left and right ends = 15, minimum alignment score = 50, minimum identity score = 50, plot window size = 20. For CRISPRPic analysis, SeqPrep50 was used to merge overlapping read pairs and trim adapter sequences. CRISPRPic was run on merged FASTQ sequences for each sample with the following parameters: index size = 8, window size = 30.
HPRT mutation assay
For the HPRT mutation assay, cells used were low-passage primary dermal fibroblasts from multiple species that were known to originate from male animals, to ensure single copy number of the X-linked HPRT gene. Each species was tested with three different cell lines from three individual animals. The bowhead HPRT coding sequence was BLASTed against bowhead genome scaffolds13 and neighbouring gene sequences were analysed to confirm mammal-typical localization of HPRT on the bowhead X-chromosome. Cells were cultured in standard fibroblast growth medium, but with FBS being replaced with dialysed FBS (Omega Scientific) and supplemented with Fibroblast Growth Kit Serum-Free (Lonza) to improve growth and viability in dialysed FBS. Dialysed FBS was found in optimization experiments to be necessary for efficient 6-thioguanine selection. Prior to mutagenesis, cells were cultured for 7 days in medium containing HAT Supplement (Gibco) followed by 4 days in HT Supplement (Gibco) to eliminate any pre-existing HPRT mutants. To induce mutations, cells were incubated for 3 h in serum-free MEM containing either 150 µg ml−1 ENU (Sigma), 10 µM MNNG (Selleck Chemicals), or 1,200 µg ml−1 EMS (Sigma), or were exposed to 2 Gy γ-irradiation. Cells were then maintained in ENU-free medium for 9 days to allow mutations to establish and existing HPRT to degrade. One million cells from each cell line were collected and plated in dialysed FBS medium containing 5 µg ml−1 6-thioguanine (Chem-Impex), in parallel with 106 untreated control cells for each cell line. Cells were plated at a density of 105 cells per 15-cm dish (2.5 × 105 cells per 10-cm dish in MNNG and EMS experiments) to allow for efficient selection and colony separation, and to prevent potential ‘metabolic cooperation’51. In tandem, for each cell line 200 cells (50 cells in MNNG and EMS experiments) from untreated and control conditions were plated in triplicate 10-cm dishes in non-selective medium to calculate plating efficiency. After 3–4 weeks of growth, surviving colonies were fixed and stained with a crystal violet/glutaraldehyde solution as previously described52. Colonies were counted, and HPRT mutation rate was calculated as plating efficiency adjusted number of HPRT-negative colonies containing >50 cells. Appropriate concentrations of ENU, MNNG, EMS and 6-thioguanine, as well as optimal plating densities and growth conditions, were determined prior to the experiment described above through optimization and dose titration experiments. For details see Supplementary Table 2.
Digital droplet PCR measurement of CRISPR cleavage rate
A ddPCR assay similar to a previously published method53 was used for time-course quantification of CRISPR DSB induction across species. Quantitative PCR primers at conserved sites flanking the guide RNA target site in the PTEN gene were designed such that cleavage would prevent PCR amplification. As an internal copy number reference control, a second set of previously validated quantitative PCR primers targeting an ultraconserved element present in all mammals as a single copy per genome (UCE.359) was designed based on published sequences54. To allow for multiplexing and copy number normalization of PTEN within each ddPCR reaction, 5’ fluorescent hydrolysis probes (FAM for PTEN and HEX for UCE.359) targeting conserved sequences were designed, with 3‘ Iowa Black and internal ZEN quenchers (Integrated DNA Technologies). All primers and probes were checked for specificity by BLAST against each species’ genome54. Fibroblasts were transfected with PTEN CRISPR RNP as described in ‘Next-generation sequencing of CRISPR repair products’ and returned to cell culture incubators. At the indicated times post-transfection, cells were collected, flash frozen and genomic DNA was isolated with the Wizard Genomic DNA Purification Kit (Promega). During isolation, newly lysed cells were treated with Proteinase K and RNase A for 30 min each at 37 °C to minimize the possibility of residual CRISPR RNP activity. DNA concentration was measured on a Nanodrop spectrophotometer, and genomic DNA was predigested with BamHI-HF (NEB) and XhoI (NEB), which do not cut within target amplicons, to maximize PCR efficiency and distribution across droplets. 15 ng of genomic DNA per sample was added to duplicate PCR reactions using the ddPCR Supermix for Probes (No dUTP) master mix (Bio-Rad). Droplets were prepared and measured according to manufacturer instructions. In brief, each 20 µl reaction was mixed with 70 µl Droplet Generation Oil for Probes (Bio-Rad) and droplets were formed in a QX100 Droplet Generator (Bio-Rad). Forty microlitres of droplets per reaction were transferred to 96-well PCR plates and sealed with a PX1 PCR Plate Sealer (Bio-Rad). The sealed plates were then subjected to PCR using a pre-optimized cycling protocol. Following PCR, the plates were loaded into a QX100 Droplet Reader (Bio-Rad) and each droplet measured on both FAM and HEX channels. PTEN copy number normalized to UCE.359 reference copy number within each well was determined with QuantaSoft software (Bio-Rad). For each species, positive/negative gates in mock-transfected control samples were adjusted as necessary to compensate for differences in multiplex PCR efficiency/specificity and ‘rain’ droplets between species and bring normalized PTEN copy number closer to 1. The control gates were then applied across all samples/time points within the same species and used for PTEN copy number calculation. For details see Supplementary Table 2.
Flow cytometric measurement of CRISPR RNP transfection efficiency
CRISPR RNP transfections were performed as described above, but with ATTO-550 fluorescently labelled trans-activating CRISPR RNA (tracRNA) (Integrated DNA Technologies). At 0 h and 24 h post-transfection, cells were collected, pelleted and analysed by flow cytometry on a CytoFlex S Flow Cytometer (Beckman Coulter). Gain and ATTO-550 positive gates were set based on mock-transfected control cells included in each experiment. For details see Supplementary Table 2.
Senescence-associated β-galactosidase staining
Senescence-associated β-galactosidase (SA-β-gal) staining was performed as previously described55,56. Cells were washed twice with PBS and fixed in a solution containing 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 min at room temperature. After fixation, cells were immediately washed twice with PBS and stained in a solution containing 1 mg ml−1 X-Gal, 40 mM citric acid/sodium phosphate buffer, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2. Plates were incubated at 37 °C for 16 h without CO2. Colorimetric images were taken from different areas of each plate and quantified. For details see Supplementary Table 2.
Cell survival assay
Percentage of live cells was quantified using the Annexin V FLUOS Staining Kit (Roche) and Annexin V Apoptosis Kit (FITC) (Novus Biologicals) following the manufacturer’s instructions. After staining, cells were analysed on a CytoFlex S flow cytometer (Beckman Coulter). Where indicated cell viability was assessed using a trypan blue exclusion assay. All cells (both floated and attached to the culture dish) were collected into the same tube, centrifuged, and resuspended in PBS. The cells were then mixed in a 1:1 ratio with 0.4% trypan blue solution, and approximately 3 min later, the percentage of dead cells was assessed using the Countess 3FL instrument (ThermoFisher) according to the manufacturer’s instructions. For details see Supplementary Table 2.
Clonogenic assay
The clonogenic assay was performed following a previously published protocol52. In brief, serial dilutions of drug-treated cells were plated immediately after treatment. The cells were incubated until colonies formed, which required two weeks for human cells and three weeks for bowhead whale cells. Colonies were then fixed and stained using a solution containing 6.0% glutaraldehyde and 0.5% crystal violet, followed by counting. Cell survival at each drug dose was expressed as the relative plating efficiency of the treated cells compared to the control cells. Data analyses were performed using GraphPad Prism software.
p53 activity
To test p53 activity in cultured primary fibroblasts, 150,000 cells were seeded in 6-well plates 1 day before transfection with 1 μg pp53-TA-Luc vector (Clontech) and 0.015 μg pRL-CMV-Renilla (Promega) to normalize for transfection efficiency. Transfections were performed using PEI MAX Transfection Grade Linear Polyethylenimine Hydrochloride (MW 40,000) (Polysciences) according to manufacturer instructions. 24 h after transfections cells were lysed using 50 µl passive lysis buffer (Promega) per 105 cells and flash frozen/thawed two times in liquid nitrogen and a 37 °C water bath. Luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega) and program DLR-2-INJ on a Glomax 20/20 Luminometer (Promega) with 20 μl cell extract as the input. For details see Supplementary Table 2.
Generation of NHEJ and HR reporter cell lines
NHEJ and HR reporter constructs57 were digested with NheI restriction enzyme and purified with the QIAEX II gel extraction kit (QIAGEN). The same plasmid DNA preparation was used for generating all reporter cell lines of the studied species. Cells with PD < 15 were recovered from liquid nitrogen and passaged once before the integration of the constructs. 0.25 µg of linearized NHEJ and HR constructs were electroporated into one million cells for each cell line. Two days after transfection, media was refreshed, and G418 was applied to select stable integrant clones. Triplicates of each reporter in each cell line were prepared to obtain an adequate number of stable clones. Clones from triplicate plates were pooled to get at least 50 clones per reporter per cell line. For details see Supplementary Table 2.
DSB repair assays and flow cytometry analysis
DSB repair assays were performed as previously described58. In brief, growing cells were co-transfected with 3 µg of plasmid encoding I-SceI endonuclease and 0.03 µg of plasmid encoding DsRed. The same batch of I-SceI and DsRed mixture was used throughout all species to avoid batch-to-batch variation. To test the effect of CIRBP on DSB repair, 3 µg of CIRBP plasmids were co-transfected with I-SceI and DsRed plasmids. Three days after transfection, the numbers of GFP+ and DsRed+ cells were determined by flow cytometry on a CytoFlex S Flow Cytometer (Beckman Coulter). For each sample, a minimum of 50,000 cells was analysed. DSB repair frequency was calculated by dividing the number of GFP+ cells by the number of DsRed+ cells. For details see Supplementary Table 2 and Supplementary Fig. 7.
For NHEJ knockdown experiments, bowhead whale cells containing the NHEJ reporter were transfected with 120 pmol of anti-bwCIRBP or control siRNAs (Dharmacon) three days before I-SceI/DsRed transfections using an Amaxa Nucleofector (U-023 program). For HR knockdown experiments, bowhead whale cells containing the HR reporter were transfected twice every three days with a final concentration of 10 nM anti-bwCIRBP or negative control siRNAs (Silencer Select, Thermo Fisher) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher) following the manufacturer’s instructions. Cells were further transfected with I-SceI/DsRed plasmids using a 4D-Nucleofector (P2 solution, DS150 program). The efficiency of knockdown was determined by western blot. For details see Supplementary Table 2.
For the extrachromosomal assay and fidelity analysis, NHEJ reporter plasmid was digested with I-Sce1 for 6 h and purified using a QIAEX II Gel Extraction Kit (QIAGEN). Exponentially growing cells were transfected using an Amaxa nucleofector with the U-023 program. In a typical reaction, 106 cells were transfected with 0.25 µg of predigested NHEJ reporter substrate along with 0.025 µg of DsRed to serve as a transfection control. Seventy-two hours after transfection, cells were collected and analysed by flow cytometry on a BD LSR II instrument. At least 20,000 cells were collected for each sample. Immediately after FACS, genomic DNA was isolated from cells using the QIAGEN Blood & Tissue kit. DSB repair sites in the NHEJ construct were amplified by PCR using Phusion polymerase (NEB), cloned using the TOPO Blunt cloning kit (NEB), and sent for Sanger sequencing. At least 100 sequenced clones were aligned and analysed using the ApE software (v.3.1.6). For details see Supplementary Table 2.
Western blotting
All antibodies were checked for conservation of the target epitope in the protein sequence of each included species, and only those targeting regions conserved across these species were used. For a limited number of proteins where the available antibodies with specific epitope information disclosed did not target conserved regions, we selected antibodies based on demonstrated reactivity across a broad range of mammal species and always confirmed these results with multiple antibodies. Information on antibodies is provided in Supplementary Table 2.
Exponentially growing cells were collected with trypsin and counted, and 106 cells were resuspended in 100 µl of PBS containing protease inhibitors. 100 µl of 2× Laemmli buffer (Bio-Rad) was added, and samples were boiled at 95 °C for 10 min. Samples were separated with 4–20% gradient SDS–PAGE, transferred to a PVDF membrane, and blocked in 5% milk-TBS-T for 2 h at room temperature. Membranes were incubated overnight at +4 °C with primary antibodies in 5% milk-TBS-T. After 3 washes for 10 min with TBS-T, membranes were incubated for 1 h at room temperature with secondary antibodies conjugated with HRP or a fluorophore. After 3 washes with TBS-T signal was developed for HRP secondaries with Clarity Western ECL Substrate (Bio-Rad). CIRBP expression was measured with 3 different antibodies targeting conserved epitopes (Extended Data Fig. 7d).
For detecting chromatin-bound proteins, cells were lysed in 1 ml of CSK buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 0.2% Triton X-100) or CSK + R buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 0.2% Triton X-100, and 0.3 mg ml−1 RNAse A) at +4 °C for 30 min with gentle rotation. Samples were centrifuged for 10 min at 10,000g at 4 °C, and the supernatant was discarded. Pellets were washed twice with 1 ml of CSK/CSK + R buffer, resuspended in PBS, and an equal volume of 2× Laemmli buffer (Bio-Rad) was added. Samples were boiled at 95 °C for 10 min and subjected to western blotting as described above.
For analysing CIRBP expression in mice and bowhead whale tissues, tissues were pulverized using the cell crusher. For each 5 mg of tissue, 300 µl of 4× Laemmli buffer (Bio-Rad) was added, samples were extensively vortexed, and boiled at 95 °C with 1,000 rpm for 10 min.
To analyse CIRBP expression in flies, 25 flies were homogenized in 250 µl of ice-cold RIPA buffer containing protease inhibitors (ThermoFisher) and incubated for 1 h at 4 °C with continuous shaking. Subsequently, 250 µl of 4× Laemmli buffer (Bio-Rad) was added, the samples were thoroughly vortexed, and then boiled at 95 °C with shaking at 600 rpm for 12 min. Samples were centrifuged at 16,000g for 5 min, and the supernatant was used for western blot analysis.
Antibody dilutions used for this study were as follows: Anti-DNA-PKcs antibody (ab70250, 1:1,000), Rabbit polyclonal anti-Ku80/XRCC5 (NB100-503, 1:500), Ku70 (D10A7) Rabbit monoclonal antibody (4588S, 1:1,000), Rabbit polyclonal anti-Mre11 (NB100-142, 1:5,000), Rabbit polyclonal anti-Rad50 (NBP2-20054, 1:1,000), Rabbit polyclonal anti-Nbs1 (NB100-143, 1:1,000), Rabbit polyclonal anti-PARP1 (NBP2-13732, 1:1,000), SirT6 (D8D12) Rabbit monoclonal antibody (12486S, 1:1,000), RPA34 (RPA2) Mouse Monoclonal Antibody (TA500765, 1:1,000), Rabbit monoclonal (EPR18783) anti-CIRP (ab191885, 1:1,000), Rabbit polyclonal anti-p53 (ab131442, 1:1,000), Rabbit polyclonal anti-RB (ab226979, 1:1,000), PTEN (D4.3) XP Rabbit monoclonal antibody (9188S, 1:1,000), Ras (G12V Mutant Specific) (D2H12) Rabbit monoclonal antibody (14412S, 1:1,000), SV40 large T antigen (D1E9E) Rabbit monoclonal antibody (15729S, 1:1,000), Rabbit polyclonal anti-histone H3 (ab1791, 1:10,000), Rabbit polyclonal anti-beta actin (ab8227, 1:5,000), Poly/Mono-ADP-Ribose (E6F6A) Rabbit monoclonal antibody (83732, 1:1,000), CtIP (D76F7) Rabbit monoclonal antibody (9201S, 1:1,000), Goat anti-mouse IgG H&L (HRP) (ab6789, 1:5,000), Goat anti-rabbit IgG H&L (HRP) (ab6721, 1:5,000).
Expression and purification of bowhead whale CIRBP protein
N-terminal histidine-tagged (6×His) CIRBP was cloned into a pET11a expression vector. The plasmid was transformed into Rosetta gami B (DE3) pLysS competent Escherichia coli for protein expression. Bacteria were grown at 37 °C to an optical density (OD600) of 2.0 and protein expression was induced by adding 0.4 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) for 20 h at 23 °C. Bacteria were collected by centrifugation and pellets were flash frozen on liquid nitrogen and stored at −80 °C. In Bacteria were resuspended in lysis buffer consisting of 50 mM Tris pH 7.5, 2.0 M NaCl, 50 mM imidazole, 10 mg lysozyme, 0.1% Triton X-100, 1 mM DTT and protease inhibitors. The bacterial pellets were sonicated, rotated for 1 h at 4 °C, and sonicated again. The bacterial lysate was clarified by centrifugation at 22,000g for 20 min at 4 °C and the supernatant passed through a 0.45-µm filter. The clarified lysate was purified using Ni-NTA agarose beads (Qiagen) washed with 20 column volumes of water and 20 column volumes of buffer containing 50 mM Tris pH 7.5, 2.0 M NaCl, 1 mM DTT, and 50 mM imidazole (wash buffer 1). The lysate was placed onto the washed beads and transferred to a 50 ml conical tube and rotated for 3 h at 4 °C. The suspended beads were pelleted by centrifugation and washed with 40 column volumes wash buffer 1 and 10 column volumes with buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, and 50 mM imidazole. CIRBP was eluted by adding 5 column volumes of buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, and 500 mM imidazole and rotated the conical tube for 15 minutes at 4 °C. The supernatant was collected by centrifugation and filtered before adding 5% glycerol. The protein was aliquoted, and flash frozen on liquid nitrogen and stored at −80 °C.
NHEJ ligation in vitro assay
The assay was performed essentially as described59,60. Reaction mixtures (10 μl) contained 20 mM Tris-HCl (pH 7.5), 8 mM MgCl2, 0.1 mM ATP, 2 mM DTT, 0.1 M KCl, 2% Glycerol, 4% PEG 8000, 1 nM linearized pUC19 (with cohesive ends via XbaI; 17.3 ng), 10 nM XRCC4–ligase IV complex, and 0.5 or 1 μM human CIRBP. When indicated, reaction mixtures also contained 10 nM Ku70/80 heterodimer, 1 μM XLF dimer, or 1 μM PAXX dimer. The reaction mixtures were incubated for 1 h at 30 °C, followed by the addition of 2 μl of Gel Loading Dye, Purple (6×) (NEB), and incubation for 5 min at 65 °C. Subsequently, 4 μl of each sample was loaded onto a 0.7% agarose gel and subjected to gel electrophoresis (50 V, 50 min). The gel was stained with ethidium bromide, and DNA bands were visualized using a ChemiDoc MP (Bio-Rad).
CIRBP-mediated protection of DNA ends from exonuclease degradation
To assess CIRBP’s ability to protect DNA ends, two complementary in vitro protection assays were performed using either linearized plasmid DNA or a short Cy5-labelled double-stranded oligonucleotide substrate mimicking a DSB end61.
For the plasmid-based assay, a 20 µl reaction containing 2.9 nM of 6.7 kb BamHI-linearized plasmid DNA with cohesive ends was mixed with the indicated concentrations of human recombinant CIRBP in buffer containing 20 mM Tris-HCl (pH 7.5), 20 mM KCl, 10 mM MgCl2, 1 mM DTT, 2.5% glycerol, and 0.5% PEG8000. The reaction was incubated at 25 °C for 30 min. Subsequently, 5 units of T7 exonuclease (NEB) were added, and digestion was carried out for 10 min at 25 °C. Reactions were stopped by adding 6× Gel Loading Dye, Purple (NEB), which contains SDS and EDTA, followed by incubation at 65 °C for 5 min. Samples were analysed by agarose gel electrophoresis and stained with ethidium bromide.
For the short DNA substrate assay, a 20 µl reaction containing 10 nM of a 20 bp Cy5-labelled double-stranded DNA substrate mimicking a DSB end was incubated with human recombinant CIRBP in the same reaction buffer at 25 °C for 30 min. After addition of 5 units of T7 exonuclease, reactions were continued for 10 min at 25 °C. Reactions were stopped by adding 6× loading buffer (20 mM Tris-HCl pH 7.5, 60% glycerol, 1% SDS, 60 mM EDTA) and incubated at 42 °C for 10 min. Samples were resolved on a 20% native polyacrylamide gel and visualized using a ChemiDoc imaging system (Bio-Rad).
The sequences of the DSB-mimicking oligonucleotides were as follows: top strand, /5PHOS/TCACACACGCACGCATTTTT; bottom strand: /5CY5/TTTTTTGCGTGCGTGTGTGA.
For details see Supplementary Table 2.
EMSA
Recombinant human CIRP protein was incubated in the indicated amounts with the indicated nucleic acid substrates in 20 µl EMEM (ATCC) at 37 °C for 1 h. Subsequently, reactions were mixed with 4 µl sucrose loading dye (2 M sucrose + 0.2% Orange G) and loaded into agarose gels immersed in 0.5× TAE buffer followed by electrophoresis at 30 V. Following electrophoresis, gels were stained in 1× SYBR Gold (Thermo Fisher Scientific) and imaged. Extraction of genomic DNA from human primary fibroblasts was with the Monarch HMW DNA Extraction Kit for Cells & Blood (NEB T3050L). To produce the damaged DNA samples and induce PAR formation, cells were treated with H2O2 and UV prior to genomic DNA extraction. For H2O2 treatment, culture medium was replaced with medium containing 400 μM H2O2 that had been diluted into the medium immediately prior to use. For UV treatment, culture medium was aspirated and replaced with a thin layer of PBS. Cells were exposed to 6 J m−2 UVC in a UV Crosslinker (Fisher Scientific) with the culture dish lid removed. During genomic DNA extraction from damaged chromatin, Proteinase K was added per manufacturer instructions, but RNase A was omitted, and Protector Rnase inhibitor (Sigma-Aldrich) was added to the extraction buffers and eluate. Nucleic acids used in reactions were sonicated to uniform size in a QSONICA Sonicator.
For the Ku-binding assays, binding reactions (10 µl) contained 50 nM of a double-stranded DNA substrate (top strand: 5′-Cy5–GATCCCTCTAGATATCGGGCCCTCGATCCG-3′), along with the indicated protein concentrations in a buffer comprising 20 mM Tris-HCl (pH 7.5), 20 mM NaCl, 15 mM KCl, 1 mM EDTA, 1 mM DTT, and 2.5% (vol/vol) glycerol. Reactions were incubated at room temperature for 20 min and then resolved on a native 6% acrylamide gel using 0.5× TBE as the running buffer. The Cy5 fluorescent signal was captured using a ChemiDoc imaging system (Bio-Rad).
For details see Supplementary Table 2.
PARP activity
PARP activity was measured in cell nuclear extracts with the PARP Universal Colorimetric Assay Kit (Trevigen) according to the manufacturer’s instructions. Nuclear extracts were prepared using EpiQuik Nuclear Extraction Kit (EpigenTek) following manufacturer protocol. Total nuclear extract (2.5 µg) was added to measure PARP activity. For details see Supplementary Table 2.
For measurement of PARylation efficiency, cells were treated with 400 µM H2O2 for 15 and 30 min or subjected to 20 Gy γ-radiation. At the end of incubation, cells were placed on ice, washed once with PBS, and lysed directly on a plate with 2× Laemmli buffer. Samples were boiled for 10 min at 95 °C and processed by western blot.
Preparation of fluorescent ligands, binding assays and fluorescence polarization measurements
PAR oligomers of different lengths (PAR16, and PAR28) were synthesized, purified, fractionated, and labelled with Alexa Fluor 488 (AF488) dye at the 1″ end, following as described62,63.
To investigate the binding of human and bowhead whale CIRBPs to the fluorescently labelled PAR and RNA oligomers, titration experiments were conducted. CIRBP proteins were 4:3 serially diluted and titrated into solutions containing a fixed concentration (3 nM) of the fluorescently labelled PAR. The binding reactions were performed in triplicate in a buffer comprising 50 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM MgCl2, 10 mM β-mercaptoethanol, and 0.1 mg ml−1 BSA. The reactions were incubated in dark at room temperature for 30 min in a Corning 384-well Low Flange Black Flat Bottom Polystyrene NBS Microplate (3575).
After incubation, fluorescence polarization measurements were performed on a CLARIOstar Plus Microplate Reader from BMG LABTECH equipped with polarizers and Longpass Dichroic Mirror 504 nm. The excitation wavelength was set at 482 nm with 16 nm bandwidth, and emission was monitored at 530 nm with 40 nm bandwidth. The fluorescence polarization values were measured three times, the means of which were analysed to determine binding affinities. The binding curves were fitted using a nonlinear regression model to determine dissociation constants (KD). The increase in fluorescence polarization was quantified to indicate the hydrodynamic differences upon proteins binding to ligands. Data analysis and curve fitting were performed using GraphPad Prism.
Immunofluorescence
Exponentially growing cells from humans and bowhead whales were cultured on Lab-Tek II Chamber Slides (ThermoFisher Scientific), followed by treatment with bleomycin at a final concentration of 5 µg ml−1 for 1 h. DNA damage foci were stained with γH2AX and 53BP1 antibodies and quantified at 1 h, 4 h and 24 h. Considering the potential non-specificity of γH2AX and 53BP1 antibodies across species, we used co-localized foci as a more reliable indication of DNA damage.
After bleomycin treatment, cells were washed twice in PBS, fixed with 2% formaldehyde for 20 min at room temperature, washed three times in PBS, and incubated in chilled 70% ethanol for 5 min. After three additional washes in PBS, fixed cells were permeabilized with 0.2% Triton X-100 for 15 min at room temperature, washed twice for 15 min in PBS, and blocked in 8% BSA diluted in PBS supplemented with 0.1% Tween-20 (PBS-T) for 2 h at room temperature. Cells were then incubated with mouse monoclonal anti-γH2AX (Millipore, 05-636, 1:1,000) and rabbit polyclonal anti-53BP1 antibodies (Abcam, ab172580, 1:1,000) diluted in 1% BSA-PBS-T at +4 °C overnight. After incubation with primary antibodies, cells were washed in PBS-T three times for 10 min and incubated with goat anti-rabbit (Alexa Fluor 488) (Abcam, 1:1500) and goat anti-mouse antibodies (Alexa Fluor 568) (Thermo Fisher Scientific, 1:1,000) for 1 h at room temperature. After four washes for 15 min in PBS-T, slides were mounted in VECTASHIELD Antifade Mounting Medium with DAPI.
For chromatin CIRBP association, cells were pre-incubated with CSK/CSK + R buffer for 3 min at room temperature, washed once in PBS, and subjected to the procedure described above using rabbit monoclonal anti-CIRBP antibodies (Abcam, 1:1,000).
Images were captured using the Nikon Confocal system. Confocal images were collected with a step size of 0.5 µm covering the depth of the nuclei. Foci were counted manually under 60× magnification.
For details see Supplementary Table 2.
Construction of lentiviral overexpression vectors and lentivirus production
The coding sequences of hCIRBP and bwCIRBP were amplified by PCR using Phusion polymerase (NEB), digested with EcoRI and NotI, and cloned between the EcoRI and NotI sites of the Lego-iC2 plasmid. The sequence was verified by Sanger sequencing. Lentiviral particles were produced in Lenti-X 293 T cells (Takara). Approximately 10×106 cells were transfected with a mixture of pVSV-G (1.7 µg), psPAX2 (3.4 µg), and Lego-iC2-bwCIRBP (6.8 µg) using PEI MAX (Polysciences). The day after transfection, the DMEM culture medium (ThermoFisher) was replaced with fresh medium, and lentiviral particles were collected from the supernatant for the next 3 days. For details see Supplementary Table 2.
Quantification of micronuclei
To analyse binucleated cells containing micronuclei, 10,000–20,000 cells were plated per chamber slide before irradiation or I-SceI transfection. Immediately after treatment, cytochalasin B was added to the cell culture media at a final concentration of 0.5–1 µg ml−1, and cells were incubated for an additional 72–120 h. At the end of the incubation period, cells were washed with PBS, incubated in 75 mM KCl for 10 min at room temperature, fixed with ice-cold methanol for 1.5–3 min, air-dried, and stored. Immediately before analysis, cells were stained with 100 µg ml−1 acridine orange for 2 min, washed with PBS, mounted in PBS, and analysed by fluorescence microscopy. Alternatively, cells were mounted in VECTASHIELD Antifade Mounting Medium with DAPI. At least 100 binucleated cells were analysed per sample. For details see Supplementary Table 2.
Chromosomal aberration analysis
Metaphase spreads were prepared according to a standard protocol. In brief, 0.06 µg ml−1 colchicine (Sigma) was added to the growth medium for 4 h, and cells were collected with a 0.25% solution of trypsin/EDTA, treated for 10 min with a hypotonic solution (0.075 M KCl/1% sodium citrate) at 37 °C, and fixed with three changes of pre-cooled (−20 °C) methanol/acetic acid mixture (3:1) at −20 °C. Cells were dropped onto pre-cleaned microscope glass slides and air-dried. Metaphase spreads were stained with Giemsa Stain (Sigma) solution in PBS. For each variant, 100 metaphases were analysed. For details see Supplementary Table 2.
Mismatch repair assay
pGEM5Z(+)-EGFP was a gift from L. Sun (Addgene plasmid #65206; http://n2t.net/addgene:65206; RRID:Addgene_65206). p189 was a gift from L. Sun (Addgene plasmid #65207; http://n2t.net/addgene:65207; RRID:Addgene_65207). Preparation of the heteroduplex EGFP plasmid was following a published method64. In brief, pGEM5Z(+)-EGFP plasmid was nicked with Nb.Bpu10I (Thermo Scientific). After phenol/chloroform extraction and ethanol precipitation, the nicked plasmid was digested with Exonuclease III (Thermo Scientific) for 10 min at 30 °C. p189 was linearized with restriction enzyme BstXI (NEB) and mixed with the purified circular ssDNA at a ratio of 1.0:1.5 to generate a heteroduplex EGFP plasmid containing a G/T mismatch and a nick. The heteroduplex EGFP plasmid with high purity was recovered using a DNA cleanup kit.
Exponentially growing cells were transfected using a 4D-nucleofector (Lonza) with the P1 solution using the DS120 program. In a typical reaction, 2 × 105 cells were transfected with 50 ng of heteroduplex EGFP plasmid along with 50 ng of DsRed2 to serve as a transfection control. After transfection (48 h), cells were collected and analysed by flow cytometry on a CytoFlex S flow cytometer (Beckman Coulter).
For details see Supplementary Table 2.
Host cell reactivation assay
A host cell reactivation assay was employed to assess the repair of UV-induced DNA damage via nucleotide excision repair, following previously described methods26.
To evaluate the repair of oxidative DNA damage (base excision repair), a mixture of 20 µg of firefly luciferase (FFL) plasmid and 20–200 µM methylene blue was prepared, with water added to reach a final volume of 0.4 ml. The DNA–methylene blue mixture was dropped onto a petri dish and placed on ice, with another petri dish containing water positioned on top. Subsequently, the DNA–methylene blue mixture was exposed to visible light for 15 min using a 100 W lamp positioned at an 11 cm distance. Damaged DNA was then purified, and the host cell reactivation assay was performed as described for UV-induced DNA damage30. For details see Supplementary Table 2.
Cyclobutane pyrimidine dimer ELISA
Human and bowhead whale skin fibroblasts were cultured until they reached confluency before UVC radiation. Cells were irradiated in PBS at doses of 0, 5, 10, 20 and 30 J m−2 and immediately collected to construct an induction curve. To assess DNA repair, cells were irradiated at 30 J m−2 and then incubated for 6, 24 and 48 h before collecting. Genomic DNA was isolated using the QIAamp Blood Kit (Qiagen). DNA samples were diluted in PBS to a final concentration of 2 µg ml−1, denatured at 100 °C for 10 min, and then incubated in an ice bath for 15 min. Next, 100 ng of denatured DNA solution was applied to ELISA plate wells precoated with protamine sulfate (Cosmo Bio) and dried overnight at 37 °C. Plates were washed five times with PBS supplemented with 0.05% Tween-20 (PBS-T) and then blocked in 2% FBS in PBS-T for 30 min at 37 °C. After five washes with PBS-T, plates were incubated with mouse monoclonal anti-cyclobutane pyrimidine dimer (CPD) antibodies (Clone TDM-2, 1:1,000) in PBS for 30 min at 37 °C. Subsequently, plates were sequentially incubated with goat anti-mouse biotin IgG (Invitrogen, 1:1,000) and streptavidin-HRP (Invitrogen, 1:5,000) in PBS for 30 min at 37 °C each, with five washes with PBS-T before and after each incubation. Plates were then washed with citrate buffer and incubated with a substrate solution (citrate buffer/o-phenylenediamine/hydrogen peroxide) for 30 min at 37 °C. Finally, the reaction was stopped with 2 M H2SO4, and the absorbance was measured at 492 nm using a plate reader. For details see Supplementary Table 2.
CIRBP variant sequence analysis
Identification of rare codons (<10% usage for the corresponding amino acid in human coding sequences) was performed on CIRBP coding sequences using the Benchling Codon Optimization Tool (https://www.benchling.com/). CAI was calculated with human codon frequencies using the E-CAI web server35.
RNA isolation and RNA-seq analysis
RNA from exponentially growing or senescent mouse, cow, human and bowhead whale primary skin fibroblasts was isolated using the RNeasy Plus Mini Kit (Qiagen) according to manufacturer instructions.
Raw reads were demultiplexed using configurebcl2fastq.pl (v.1.8.4). Adapter sequences and low-quality base calls (threshold: Phred quality score <20) in the RNA-sequencing (RNA-seq) reads were first trimmed using Fastp (0.23.4)65. For all species, the clean reads were aligned using Salmon (v.1.5.1)66 to longest coding sequence (CDS) of each gene extracted from corresponding genome assembly based on human-referenced TOGA annotations. The values of read count and effective gene lengths for each gene were collected and integrated into gene sample table according to their orthologous relationship. Salmon transcript counts were used to perform differential expression analysis. Only human genes with orthologues in all species were kept for the downstream species. To filter out low expressed genes, only gene with all sample read counts sum >10 were retained. The filtered count matrix was normalized using median of ratios method67 implemented in DESeq2 package68. The matrix of effective lengths for each gene in each sample was delivered to the DESeq2 ‘DESeqDataSet’ object to avoid biased comparative quantifications resulting from species-specific transcript length variation. Differential expression analysis was performed using DESeq2 and log transformed fold changes were used for gene set enrichment analysis to assess the differential expression of DNA repair pathways in bowhead whale, cow, and mouse compared to human. Genes of DNA repair pathways were compiled from 3 resources: MsigDB database, gene ontology, and a curated gene list (www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-genes.html)69,70.
Nanopore sequencing
Seventy-two hours after transfection, cells were collected and genomic DNA was isolated with the Wizard Genomic DNA Purification Kit (Promega). DNA concentration was measured on a Nanodrop spectrophotometer and 100 ng of DNA per sample was PCR-amplified with Q5 High-Fidelity 2× Master Mix (NEB). PCR products were prepared for multiplexed Nanopore sequencing using the Native Barcoding Kit 96 V14 SQK-NBD114.96 (Oxford Nanopore Technologies). Following end prep, barcoding, and adapter ligation, samples were cleaned up using AMPure XP Beads and loaded onto a R10.4.1 flow cell on a MinION Mk1C (Oxford Nanopore Technologies) for sequencing. Raw data was basecalled in Super-High accuracy mode with barcode and adapter trimming enabled, demultiplexed, and aligned to the NHEJ reporter construct reference sequence FASTA in Dorado. A custom Python script was used to parse CIGAR strings from the resulting BAM files and quantify indels.
Genomic DNA extraction and whole-genome sequencing of tumour xenografts
Matching primary cell lines, transformed cell lines, and tumour xenograft samples were prepared as described above. Samples included one mouse cell line, two human cell lines, and two bowhead whale cell lines. One fresh cell pellet was prepared for each primary and transformed cell line. For frozen tumour samples, one tumour for mouse, one tumour for each human cell line (two tumours total), four tumours for whale cell line 14B11SF, and five tumours for whale cell line 18B2SF were included in the analysis. Genomic DNA extraction and whole-genome sequencing were performed as previously described with minor modifications71,72. In brief, DNA was extracted from samples using the QIamp DNA Mini Kit, per manufacturer’s recommendations. Isolated genomic DNA was quantified with Qubit 2.0 DNA HS Assay (ThermoFisher) and quality assessed by agarose gel. Library preparation was performed using KAPA Hyper Prep kit (Roche) per manufacturer’s recommendations. gDNA was sheared to approximately 400 bp using Covaris LE220-plus, adapters were ligated, and DNA fragments were amplified with minimal PCR cycles. Library quantity and quality were assessed with Qubit 2.0 DNA HS Assay (ThermoFisher), Tapestation High Sensitivity D1000 Assay (Agilent Technologies), and QuantStudio 5 System (Applied Biosystems). Illumina 8-nt dual-indices were used. Equimolar pooling of libraries was performed based on QC values and sequenced on an Illumina NovaSeq X Plus (Illumina) with a read length configuration of 150 PE for 60 M PE reads (30 M in each direction) per sample.
Bioinformatic analysis of tumour xenograft whole-genome sequencing
The bioinformatic processing pipeline of raw whole-genome high-throughput sequencing data was adapted for human, mouse and bowhead whale data71. Sequencing FastQ files were applied to FastQC (v.0.11.9; https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for quality control, adapters were trimmed by Trimmomatic (v.0.39)73, and the genomic fragments were aligned to the human, mouse and whale genome reference (hg19, mm10 and the published bowhead whale genome assembly13) using Burrows–Wheeler Aligner (BWA, v.0.7.19)74, then sorted and indexed by Samtools (v.1.16.1)75. Somatic mutations were detected from tumour samples using MuTect2 (GATK v.4.2.5.0)76 to call somatic SNVs and small indels (<10 bp). Tumour samples from whole-genome sequencing were compared to their respective matched healthy tissue. All mutations were also filtered for depth (tumour sample coverage >30×, normal sample coverage >30×) and variant allele frequency (VAF) ≥ 0.1. Structural variations were called by Manta (v.1.6.0) applying default settings and SV length >6,000 bp were used for downstream analysis77.
Alkaline comet assay
For the alkaline comet assay, we adapted the alkaline comet assay protocol provided by TREVIGEN based on a published in-gel comet assay method78 to increase the number of cell lines and time points assessed and minimize assay variation introduced during sample collection and processing. Slides were precoated with a base layer 50 µl of 1% SeaKem LE Agarose (Lonza) to enhance adhesion. We cultured cells to near 100% confluency and then resuspended them in CometAssay LMAgarose (R&D Systems). We applied 500 cells suspended in 100 µl LMAgarose onto each slide. The slides were then placed in the dark at 4 °C for 10 min to allow the agarose to solidify. After that, slides with live cells were incubated in tissue culture incubators in fibroblast culture medium containing 700 µM freshly diluted H2O2 for 30 min, followed by washing with PBS and incubation for various recovery periods (ranging from 0 min to 12 h) in culture medium. Slides were collected at each time point, washed with PBS, and immersed in CometAssay Lysis Solution (R&D Systems). Before electrophoresis, slides were placed in alkaline unwinding solution prepared according to the TREVIGEN protocol for 10 min. After electrophoresis at 22 V for 30 min, the slides were placed in a DNA precipitation buffer following the TREVIGEN protocol for 10 min and subsequently washed three times with distilled water. The slides were then immersed in 70% ethanol for 10 min and allowed to air dry in the dark. Before imaging, each sample was stained with 50 µl of 1× SYBR Gold (Thermo Fisher Scientific) for 5 min before being washed three times with distilled water. Comet images were acquired through fluorescent microscopy. For scoring, we used profile analysis in OpenComet79 within ImageJ. Outliers automatically flagged by OpenComet were excluded from analysis and remaining incorrectly demarcated comets were further systematically filtered out according to two criteria: a comet area greater than 5,000 or head area greater than 500. For details see Supplementary Table 2.
Tissue processing
Tissues obtained from wild-caught animals were assumed to be of younger/middle age since predation normally precedes ageing in the wild. Postmortem interval was minimized and, in all cases, samples were kept on ice and frozen in less than 24 h. At the earliest opportunity after dissection, tissues from representative animals from each species were flash frozen in liquid nitrogen and stored at −80 °C. Tissues were pulverized to a fine powder within a Biosafety cabinet under liquid nitrogen using a stainless-steel pulverizer Cell Crusher (Fisher Scientific) chilled in liquid nitrogen and delivered to storage tubes with a scoop that had also been pre-chilled in liquid nitrogen and kept on dry ice. Similarly, when sampled for various omics processing, pulverized tissues were removed with a stainless-steel spatula that was pre-chilled in liquid nitrogen. Samples were never thawed after initial freezing until extractions were performed.
Cross-species tissue proteomics
We employed a shotgun-style untargeted data-dependent acquisition label-free quantitative (LFQ) approach. Approximately 5 mg of tissue was mixed with 250 µl of 50 mM TEAB pH7.6; 5% SDS, mixed by pipetting, and briefly vortexed. Samples were sonicated in a chilled cup horn Q800R3 Sonicator System (Qsonica) for a total of 15 min at 30% output and duration of 30 ×30 s pulses (with 30 s in between pulses) at 6 °C using a chilled circulating water bath. When nuclear proteomes were analysed, nuclei were first isolated using a hypotonic lysis approach as in the preparation of histones80. Isolated nuclei were lysed and processed as indicated above with SDS and sonication and then handled similarly for the rest of the prep. Samples were heated to 90 °C for 2 min and allowed to cool to room temperature. Next, samples were centrifuged at 14,000g for 10 min to pellet insoluble debris and the supernatants were transferred to clean tubes. Total protein was quantified by the BCA assay and 100 µg was reduced with 5 mM dithiothreitol (DTT) for 30 min at 60 °C. Samples were cooled to room temperature and then alkylated with 10 mM iodoacetamide (from a freshly prepared stock) for 30 min at room temperature in the dark. Samples were processed using the standard S-trap mini column method (Protifi; Farmingdale, NY). Samples were digested with 4 μg trypsin overnight at 37 °C. Elution fractions were pooled and dried using a Speedvac (Labconco). Peptides were resuspended in 100 μl MS-grade water (resistance ≥18MΩ) and quantified using the Pierce Quantitative Fluorometric Peptide Assay (Thermo). Common internal Retention Time standards (CiRT) peptide mix was added (50 fmol mix/2 µg tryptic peptides) and 2 µg (in 4 µl) of tryptic peptides were injected/analysed by mass spectrometry (MS) on a Orbitrap Tribrid Fusion Lumos instrument (Thermo) equipped with an EASY-Spray HPLC Column (500 mm x 75um 2um 100 A P/N ES803A, Nano-Trap Pep Map C18 100 A; Thermo). Buffer A was 0.1% formic acid and buffer B was 100% acetonitrile with 0.1% formic acid. Flow rate was 300 nl/min and runs were 150 min: 0–120 min, 5% B to 35% B; then from 120–120.5 min, 35–80% B; followed by a 9-minute 80% B wash until 130 min. From 130–130.5 min B was decreased to 5% and the column was re-equilibrated for the remaining 20-min at 5% B. the instrument was run in data-dependent analysis mode. MS2 fragmentation was with HCD (30% energy fixed) and dynamic exclusion was operative after a single time and lasted for 30 s. Additional instrument parameters may be found in the Thermo RAW files.
Computational proteomics analysis
Raw files were analysed directly with the MSFragger (v.3.4)/Philosopher pipeline (v.4.2.1)81,82 and included Peptide and Protein Prophet modules83 for additional quality control. Quantitation at the level of MS1 was performed with the label-free quant–match between runs (LFQ-MBR) workflow using default parameters. This allows for alignment of chromatographic peaks between separate runs. Methionine oxidation and N-terminal acetylation were set as variable modifications. MaxLFQ with a minimum of two ions was implemented and normalization of intensity across runs was selected84.
LC–MS proteomic analysis of fibroblasts
Two 15-cm dishes of growing primary fibroblasts from 2 cell lines for each species were collected for protein. Cells were washed with PBS and pellets were snap frozen and stored in liquid nitrogen until processing. Cells were solubilized with 5% SDS; 50 mM TEAB pH 7 and sonicated at 8 °C with 10× 45 s pulses using 30% power with 15 s rest between each pulse with a cup horn Q800R3 Sonicator System (Qsonica). Soluble proteins were reduced with 10 mM DTT for 30 min at 55 °C, followed by alkylation with 15 mM iodoacetamide at 25 °C in the dark for 30 min. S-trap micro columns (Protifi) were employed after this step for overnight tryptic digestion and peptide isolation according to manufacturer instructions. All solvents were MS-grade. Resulting tryptic peptides were resuspended in MS-grade water and were quantified using a Pierce Quantitative Fluorometric Peptide Assay (Thermo Fisher 23290). Prior to MS, peptides were mixed with a common internal retention time standards115 (CiRT) peptide mix (50 fmol CiRT per 2 µg total tryptic peptides) and acetonitrile and formic acid were added to concentrations of 5% and 0.2% respectively. The final concentration of the peptide mix was 0.5 µg µl−1. Two micrograms (4 µl) of each were resolved by nano-electrospray ionization on an Orbitrap Fusion Lumos MS instrument (Thermo) in positive ion mode. A 30 cm home-made column packed with 1.8 μm C18 beads was employed to resolve the peptides. Solvent A was 0.1% formic acid and solvent B was 80% acetonitrile with 0.1% formic acid and flow rate was 300 nl min−1. The length of the run was 3 h with a 155 min gradient from 10–38% B. HCD (30% collision energy) was used for MS2 fragmentation and dynamic exclusion was operative after a single time and lasted for 30 s. Peptide assignments and quantitation were done using the LFQ-MBR workflow of MSFragger81,82,83. MaxLFQ with a minimum of two ions was implemented and normalization was selected. Additional details are available in MSFragger log files. Searches were performed within the Philosopher/Fragpipe pipeline that incorporates PeptideProphet and ProteinProphet filtering steps to increase the likelihood of correct assignments83. The databases used for searches were predicted proteins from the published bowhead genome13 as well as our custom proteome derived from our de novo sequenced and Trinity30,85-assembled pool of transcriptomes from whale tissues. Human (UP000005640), mouse (UP000000589), and bovine (UP000009136) databases were from the latest build available from Uniprot86. For the searches, databases also included a reverse complement form of all peptides as well as common contaminants to serve as decoys for false discovery rate calculation by the target/decoy approach (decoy present at 50%). Final false discovery rate was below 1%. To distinguish between non-quantifiable and non-detected proteins in figure displays, proteins detected but below the limit of quantification were imputed to an abundance of 104, and proteins not detected were imputed to an abundance of 0.
Doxycycline-inducible I-SceI NHEJ reporter
The plasmid was assembled from several parts. The backbone was amplified from a pN1 plasmid without f1 bacteriophage origin of replication and modified by the addition of short insulator sequences87 (E2, A2 and A4) purchased from Integrated DNA Technologies. The GFP reporter gene with I-SceI endonuclease sites was amplified from the reporter described above and fused via the P2A self-cleaving peptide with TetOn transactivator, amplified from Lenti-X Tet-One Inducible Expression System Puro (Takara, 631847). A bi-directional promoter sequence featuring hPGK and TRE3GS was amplified from the same plasmid and cloned upstream of the GFP reporter, in the orientation for TetOn-P2A-reporter to be driven by the constitutive hPGK promoter. Downstream of the Tre3GS promoter was closed codon-optimized sequence for intron-encoded endonuclease I (I-SceI) with SV40 nuclear localization sequence (NLS) at the N-terminus and nucleoplasmin NLS at the C-terminus fused to the enhanced blue fluorescent protein (eBFP2) via P2A. The fusion was purchased from Integrated DNA Technologies. EBFP2 sequence was derived from eBFP2-N2 plasmid (Addgene #54595). Cloning was done with In-fusion Snap assembly kit (Takara 638947), NEBuilder HiFi DNA Assembly (NEB, E5520) and T4 DNA ligase (NEB, M0202). The efficiency of NHEJ DSB repair was analysed in immortalized normal human dermal fibroblasts (NHDF2T). The expression cassette containing a GFP reporter gene under hPGK promoter and an I-SceI endonuclease under doxycycline-inducible Tre3GS promoter was inserted into the genome by random integration method. The positive clones were selected by G418 for 10 days and the clones were pooled together. The GFP reporter had a short adeno-exon flanked by two I-SceI recognition sites (in inverted orientation) surrounded by the rat Pem1 intron. Upon stimulation with doxycycline (100 ng ml−1), I-SceI produced two non-ligatable DSBs, resulting in excision of the adeno-exon and reconstitution of the functional GFP.
Fly lines, husbandry and lifespan assays
Virgin daughterless-GeneSwitch (daGS)88 female flies were crossed to transgenic male flies harbouring human or whale CIRBP. The human and whale genes were cloned into the pUAStattB plasmid (confirmed by Oxford Nanopore Plasmid sequencing) and injected into the VK1 strain by Genetivision. We then crossed these flies into a ywR background. Sequences of CIRBP were exactly the same as those used for other experiments in this study, apart from a synonymous change in whale where base 303 was changed from G to A to reduce GC content, so that it could be ordered as a whole gBlock.
Crosses were performed in bottles (at 25 °C in incubators), and offspring were mated for two days, prior to separation of sexes under light CO2 anaesthesia (<5 l min−1). Age-synchronized cohorts were split for each cross into the four treatments (control, 50 µM, 100 µM, 200 µM RU486) each day for lifespan experiments. Diets89 consisted of 8% yeast, 13% table sugar, 6% cornmeal, 1% agar, and nipagin 0.225% (w/v) (growing bottles contained an additional 0.4% (v/v) propanoic acid to reduce bacterial growth). Each media cook was split into four, and an equal volume of ethanol (8.6 ml l−1) was added to each batch in which RU486 was dissolved, to generate 0 µM (control), 50 µM (low), 100 µM (medium) and 200 µM (high). We used a cross of daGS against ywR as a wild-type control for the effect of RU486, and no effect on lifespan was found, as we and others have found repeatedly before90,91. Food was stored at 4–9 °C for a maximum of 2 weeks and warmed to room temperature before use.
Lifespan analysis was performed at 25 °C in a climate controlled room with 50–75 female flies per demography cage, with 6–7 replicate cages per treatment per cross. Dead flies were counted every other day, with flies stuck to the food or escaped, right-censored. All lifespan data presented was run concurrently at the same time. Data was analysed using mixed-effects coxme models accounting for the effects of cage and transfer day (to correct for shared environmental effects). In separate experiments, but ran around the same time, and following the same procedure as above, we exposed flies to a lethal dose of X-ray (650 Gy) using RX-650 X-radiator System (Faxitron). This data was analysed using coxph. All treatments were irradiated within the same batches, whilst housed in a 2 ml eppendorf in groups of a maximum of 20. Female flies were irradiated at age 17 days and remaining lifespan was measured in the cage setup as described above.
Statistical analyses
Statistical comparisons were performed as indicated in the figure legends. Unless otherwise specified in the text or legend, n refers to separate biological replicate cell lines, isolated from different individuals for a given species. Exceptions include specific genetically modified cell lines or clones, for example, tumour suppressor knockout lines. In such cases, n refers to technical replicates and indicates the number of times the experiment was repeated with the specified cell line. Details for comparisons done by ANOVA are included in Supplementary Table 1.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
DNA and RNA-sequencing data have been deposited in the NCBI Sequence Read Archive under BioProject accession PRJNA1314725. Proteomics raw data have been deposited to the ELITE portal at Sage Bionetworks via Synapse (https://www.synapse.org) under the following dataset IDs: bowhead whale: syn69822201, syn69822202, syn69822206, syn69822205, syn69776655, syn69776673, syn69776639, syn65855481, syn65855514, syn65855552, syn69766212, syn69766211, syn69766232, syn69766213, syn69766210, syn69766223; cow: syn69822232, syn69822231, syn69776659, syn69776670, syn69776669, syn65856670, syn65856673, syn65856668, syn69766237, syn69766263, syn69766264, syn69766265, syn69766260, syn69766266; mouse: syn69822242, syn69822243, syn69776661, syn69776671, syn69776686, syn65855200, syn65855231, syn65855263, syn69766378, syn69766379, syn69766374, syn69766380, syn69766375, syn69766435; human: syn69822244, syn69822245; blind mole rat: syn65856679, syn65856678, syn65856666, syn69766519, syn69766522, syn69766523, syn69766526, syn69766527, syn69766528; deer mouse: syn65856677, syn65855101, syn65855170, syn69766563, syn69766565, syn69766564, syn69766583, syn69766582, syn69766584; beaver: syn65855292, syn65855322, syn65855353, syn69766496, syn69766497, syn69766495, syn69766511, syn69766510, syn69766512; rat: syn65855386, syn65855420, syn65855451, syn69766638, syn69766639, syn69766640, syn69766659, syn69766653, syn69766660; chinchilla: syn65855584, syn65855617, syn65855648, syn69766545, syn69766544, syn69766543, syn69766552, syn69766551, syn69766553; naked mole rat: syn65855679, syn65855711, syn65855749, syn69766456, syn69766455, syn69766461, syn69766466, syn69766467, syn69766468; guinea pig: syn65855780, syn65855818, syn65855849, syn69766358, syn69766360, syn69766275, syn69766361, syn69766359, syn69766362.
Code availability
All software used in this study is publicly available, with version numbers and sources listed in the Reporting Summary. Custom Python scripts used to quantify indels from Nanopore sequencing data are available on Zenodo at https://doi.org/10.5281/zenodo.17112093 (ref. 92).
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Extended data figures and tables
Extended Data Fig. 1 Telomerase activity, cell death, and fibroblast line validation.
a, Telomerase activity in bowhead whale tissues. MSF, mouse skin fibroblasts, and HeLa cells used as a positive control. b, qRT–PCR analysis of hTERT expression in primary and hTERT-immortalized fibroblasts from human and bowhead whale (n = 3 biological replicates per species). Data are presented as mean ± SD. c, Apoptosis and necrosis in fibroblasts from human (n = 3 biological replicates) and bowhead whale (n = 2 biological replicates) following ENU treatment (3 h) at indicated doses. Annexin V/PI staining was performed after 3 days. Data are presented as mean. No statistical tests were applied because n < 3 for bowhead whale samples. d–j, Western blots validating fibroblast cell lines. d, SV40 Large T antigen (LT) and H-RasG12V in transformed vs. untransformed lines (Fig. 2). e, SV40 Small T antigen (ST) in the same lines. f, p53 in colonies after CRISPR-mediated TP53 knockout; clones C13 and C17 were selected. g, Rb in colonies after CRISPR-mediated RB1 knockout using pooled p53–/– clones; clones C1 and C26 were selected. (h) p53 in clones C13 and C17. i, Rb in clones C1 and C26. j, PTEN in colonies after CRISPR-mediated PTEN knockout. For gel source data, see Supplementary Figure 1. k, l, Reporter assays confirming knockout clones. k, p53 activity measured by firefly/Renilla luciferase after etoposide treatment. l, Rb activity measured by E2F-responsive firefly/Renilla luciferase; elevated E2F reflects reduced Rb function. n = 3 biologically independent experiments. Data are presented as mean ± SD; P values were calculated using Welch’s two-sided t-test.
Extended Data Fig. 2 Mutation rates in bowhead whale cells during tumour progression.
a, Schematic of experimental design and sample collection for whole-genome sequencing (WGS). Samples included bowhead whale tumours (n = 9), human tumours (n = 2), and a mouse tumour (n = 1). b, Relative percentages of single-nucleotide variant (SNV) types across species. c–e, Quantification of total SNVs and small indels (1–10 bp) across species. f–h, Large structural variants (SVs > 6 kb) across species. i, Distribution of SV sizes shown as histograms with trend lines. j, Distribution of small (6–50 kb), medium (50–500 kb), and large (> 500 kb) deletions and SVs across species. Data are presented as mean ± SD. P values were calculated using one-way ANOVA with Tukey’s multiple comparisons (c–h) or chi-square test (j). The schematic summary was created with BioRender, Perelli, L. (2025) https://BioRender.com/i3xnjs4.
Extended Data Fig. 3 Bowhead whale fibroblasts show reduced mutagenesis after genotoxic stress.
a, ENU-induced mutational load measured by SMM-seq in fibroblasts from mouse (n = 6 cell lines), cow (n = 7), human (n = 8), and bowhead whale (n = 7). ΔSNV frequency was calculated for each line. Statistical significance was assessed using one-way ANOVA (two-sided, P = 0.0100). b, Mutational spectra showing the ENU-induced signature, including increased A > T transversions (orange) in treated mammalian cells. Same sample numbers as in a. c, HPRT mutagenesis assay after 3 h ENU treatment (n = 3 independent cell lines per species). Mutation frequencies were adjusted for plating efficiency. Data are mean ± SEM.; Welch’s two-sided t-test. d, HPRT mutagenesis assay after 3 h MNNG treatment (n = 3 independent cell lines per species), adjusted for plating efficiency. Data are mean ± SEM.; Welch’s two-sided t-test. e, HPRT mutagenesis assay after 3 h EMS treatment (n = 2 independent cell lines per species), adjusted for plating efficiency. No statistical tests were applied because n < 3. f, HPRT mutagenesis assay after 2 Gy γ-irradiation (n = 2 independent cell lines per species), adjusted for plating efficiency. No statistical tests were applied because n < 3.
Extended Data Fig. 4 DNA repair and PARP activation in bowhead whale and human cells.
a, Nucleotide excision repair (NER) efficiency measured by host cell reactivation of UV-irradiated luciferase reporter. Human, n = 2 biological replicates (6 measurements from independent experiments); whale, n = 2 biological replicates (3 measurements). Data are mean ± SD. b, Cyclobutane pyrimidine dimer (CPD) removal kinetics after 30 J/m² UVC in confluent fibroblasts (n = 2 biological replicates per species). c, Base excision repair (BER) efficiency measured by reactivation of luciferase plasmid treated with methylene blue and light (n = 3 biological replicates per species). Data are mean ± SD. d, e, Poly-ADP-ribosylation in bowhead whale fibroblasts after H2O2 (d) or γ-irradiation (e), assessed by Western blot. Experiments repeated three times with similar results. f, Baseline PARP activity in nuclear extracts (n = 3 biological replicates per species). Data are mean ± SD.; Welch’s two-sided t-test. g, Apoptosis/necrosis 48 h after 700 µM H2O2, measured by Annexin V/PI flow cytometry (n = 3 biological replicates per species across 4 independent experiments; data pooled). Data are mean ± SD.; unpaired two-sided t-test. h, DNA repair after oxidative stress by alkaline comet assay following 700 µM H2O2. Two fibroblast lines per species were analysed; each dot represents an individual cell, pooled for analysis. Data are mean ± SEM. i, Mismatch repair (MMR) measured by reactivation of a heteroduplex eGFP plasmid containing a G/T mismatch, co-transfected with DsRed control. Repair frequency calculated as GFP+/DsRed+ ratio (n = 3 biological replicates per species). Data are mean ± SD; Welch’s two-sided t-test.
Extended Data Fig. 5 NHEJ assays in bowhead whale and human fibroblasts.
a, Schematic of the NHEJ repair reporter construct. The GFP coding sequence, which includes an intron from the rat Pem1 gene, is interrupted by an adenoviral exon (Ad). Splicing of Ad into the GFP transcript renders it non-functional. The Ad sequence is flanked by inverted I-SceI recognition sites. Upon I-SceI-induced double-strand break (DSB) and successful repair by non-homologous end joining (NHEJ), a functional GFP gene is restored. SD, splice donor; SA, splice acceptor. Schematic created by the author (D.F.) in Adobe Illustrator. b, NHEJ frequency measured by extrachromosomal reporter assay. The I-SceI–linearized reporter plasmid was co-transfected with a DsRed control plasmid into fibroblasts. GFP+/DsRed+ ratios were quantified by flow cytometry three days later (n = 5 biological replicates; 3 individuals per species, assayed in two independent experiments). Data are mean ± SD; Welch’s two-sided t-test, P = 0.021. c, Representative confocal microscopy images of human and bowhead whale fibroblasts stained for γ-H2AX and 53BP1 at baseline (no treatment) and at 1–24 h after treatment with bleomycin (5 µg/mL). Scale bar: 10 µm. d, Representative images of binucleated human and bowhead whale fibroblasts containing micronuclei following exposure to 2 Gy γ-irradiation. Scale bar: 20 µm.
Extended Data Fig. 6 Sequencing of DNA DSB repair products in bowhead whale cells.
a, Schematic of possible repair outcomes following I-SceI cleavage with incompatible ends in the NHEJ reporter construct. Schematic created by the author (D.F.) in Adobe Illustrator. b, Allele plot from Sanger sequencing of integrated NHEJ reporter cassettes after I-SceI cleavage, showing repair diversity. c, NHEJ repair fidelity in extrachromosomal assay. The I-SceI–linearized reporter plasmid was co-transfected with a DsRed control into fibroblasts. After 3 days, genomic DNA was amplified, cloned, and sequenced; ≥100 clones were analysed per species. “Correct” indicates precise repair via annealing of two of four protruding nucleotides (see panel a). d, Time course of CRISPR-induced cleavage at the PTEN locus measured by digital droplet PCR (ddPCR). Cutting efficiency was determined from loss of PTEN amplicon signal relative to a single-copy ultraconserved element. Data are presented as mean ± 95% confidence interval (Poisson distribution, QuantaSoft). e, Absolute frequencies of repair alleles grouped by microhomology length (bp) at CRISPR-induced PTEN breaks, shown by species. Data are presented as mean ± SEM. f, Relative proportions of deletion alleles stratified by microhomology length, comparing species after CRISPR editing of PTEN. Data are presented as mean ± SEM.
Extended Data Fig. 7 Proteomic quantification of DNA repair proteins and CIRBP expression across species.
a, Heatmap of LC–MS quantification of DNA repair proteins in primary fibroblasts. Color intensity indicates log10-transformed ion intensities. b, CIRBP protein abundance in whole liver across mammalian species measured by LC–MS (n = 12 per species; 3 biological × 4 technical replicates). N.D., not detected. c, CIRBP protein abundance in nuclear liver extracts measured by LC–MS (n = 3 biological replicates per species). d, Western blot of CIRBP in fibroblasts from three individuals per species using monoclonal and polyclonal antibodies (mAb, pAb). Experiment repeated three times with similar results. e, Western blot of CIRBP in liver and other organs from bowhead whale and mouse. Experiment repeated three times with similar results. f, Western blot of CIRBP in fibroblasts from multiple mammalian species. Experiment repeated three times with similar results.
Extended Data Fig. 8 Transcriptomic analysis of DNA repair pathway genes across species.
Heatmap of relative gene expression levels for components of six major DNA repair pathways across species. Z-scores are scaled by row (gene), allowing comparison of expression patterns across species. Within each pathway, genes are ordered by decreasing expression in the bowhead whale. Genes that show higher expression in the bowhead whale compared to all three other species are labelled in red text to the right of the heatmap. Gene sets for each pathway were compiled from three sources: the MSigDB database, Gene Ontology (GO) annotations, and a curated list of human DNA repair genes from the Wood Laboratory at MD Anderson Cancer Center (www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-genes.html).
Extended Data Fig. 9 Bowhead whale CIRBP RNA and protein sequence confer higher expression levels compared to human sequence.
a, Amino acid sequence alignment between human and bowhead whale CIRBP using BLAST analysis. Bowhead whale specific variants are indicated. b, Structural models of human (left, pink) and bowhead whale (right, blue) CIRBP generated using SwissModel and AlphaFold. Side chains of amino acid residues that differ between species are shown, and the corresponding ribbon is highlighted in yellow in the whale model. All substitutions are located in the C-terminal disordered region, while the N-terminal RNA recognition motif (RRM) is conserved and structured. c, Evolution of bowhead whale CIRBP variants. Asterisks indicate the presence of bowhead whale-specific amino acid variants from. Variant positions are colour-coded according to their locations shown in a. d, Bowhead whale specific variants confer higher protein expression. Western blot analysis of CIRBP protein abundance in human cells overexpressing human CIRBP (hCIRBP), bowhead whale CIRBP (bwCIRBP), and reciprocal amino acid substitution mutants. H5BW is a human CIRBP with five bowhead whale substitutions. BW5H is a bowhead whale CIRBP with five human substitutions. Experiment repeated three times with similar results. e, Calculated codon adaptation index (CAI) values for CIRBP coding sequence variants.
Extended Data Fig. 10 CIRBP promotes DNA repair and survival following DNA damage in human fibroblasts.
a, Lentiviral overexpression of CIRBP variants enhances end-joining frequency in GFP-based NHEJ assays (n = 3 independent experiments). Western blot shows CIRBP expression in human and bowhead whale fibroblasts. Data are mean ± SD; Welch’s two-sided t-test. b, Frequency of insertions/deletions >20 bp in NHEJ reporter constructs from human fibroblasts ± bwCIRBP overexpression, quantified by Nanopore sequencing. c, Distribution of PTEN alleles in fibroblasts overexpressing luciferase or bwCIRBP after CRISPR-induced DSBs (n = 3 independent experiments). Data are mean ± SEM; significance indicated by asterisks (****P < 0.0001, two-way ANOVA with Fisher’s LSD). d, Same analysis as b, performed in bowhead whale fibroblasts transfected with control or CIRBP siRNAs. e, Hypothermia (33 °C) increases NHEJ frequency in primary fibroblasts (n = 3 independent experiments). Western blot shows CIRBP induction under hypothermia. Data are mean ± SD; Welch’s two-sided t-test. f, MTT survival assay after bleomycin in fibroblasts overexpressing bwCIRBP (n = 3 independent experiments). Data are mean ± SD; Welch’s two-sided t-test. g, MTT survival assay after etoposide in fibroblasts overexpressing bwCIRBP (n = 3 independent experiments). Data are mean ± SD; Welch’s two-sided t-test. h, Micronucleus formation after I-SceI cleavage. ≥150 binucleated cells were scored per replicate; bars show individual experiments. i, Chromosomal aberrations in fibroblasts ± CIRBP overexpression after 2 Gy γ-irradiation. 100 metaphase spreads were analysed per sample.
Extended Data Fig. 11 In vitro analysis of CIRBP’s role in DNA double-strand break (DSB) repair.
a, Subcellular localization of CIRBP in bowhead whale fibroblasts. In situ staining following CSK buffer pre-treatment ± RNase A. Representative confocal images are shown. b, CIRBP enrichment in the chromatin fraction after NCS-induced DSBs, assessed by Western blot. α-tubulin served as cytoplasmic marker. Experiment repeated three times with similar results. c, CIRBP accumulation in the chromatin fraction after γ-irradiation, analyzed ± RNase A. Experiment repeated three times with similar results. d, Left: label-free LC–MS analysis of recombinant CIRBP to assess purity. Right: Coomassie-stained SDS–PAGE gel of purified human CIRBP (Millipore) and bowhead whale CIRBP. e, CIRBP binding affinity for poly(ADP-ribose) (PAR) measured by fluorescence titration with labelled PAR polymers (n = 3 independent experiments). Data are mean ± SD; Welch’s two-sided t-test. f, Electrophoretic mobility shift assay (EMSA) of recombinant CIRBP with sheared chromatin from fibroblasts treated with UVC and H2O2. Experiment repeated three times with similar results. g, EMSA of CIRBP incubated with purified genomic DNA, RNA, or chromatin. Experiment repeated three times with similar results. h, CIRBP stimulates Ku DNA binding. A Cy5-labelled dsDNA substrate was incubated with recombinant Ku70/80 ± CIRBP. Free DNA and Ku–DNA complexes are indicated. Experiment repeated three times with similar results. i, CIRBP protects dsDNA from exonuclease degradation. A Cy5-labelled 20-bp dsDNA was incubated with CIRBP followed by T7 exonuclease digestion. Reactions were resolved on native PAGE. Experiment repeated three times with similar results.
Extended Data Fig. 12 Bowhead whale CIRBP inhibits anchorage-independent growth and tumour progression.
a, Representative images of colonies in soft agar formed by transformed human fibroblasts (hTERT, SV40 LT, SV40 ST, H-RasG12V) ± bwCIRBP overexpression after 23 days. Scale bar, 100 µm. b, Quantification of soft agar colonies after nitro blue tetrazolium staining, counted with ImageJ (n = 3 independent experiments). Data are mean ± SD; Welch’s two-sided t-test. c, Cell proliferation measured by MTT assay in transformed fibroblasts ± bwCIRBP overexpression. Data are mean ± SD. d, Cell viability measured by Trypan Blue exclusion (n = 3 independent experiments). Data are mean ± SD; Welch’s two-sided t-test. e, Western blot showing SV40 LT, H-RasG12V, p16, and p21 in transformed fibroblasts ± bwCIRBP overexpression. Experiment repeated three times with similar results. f, Chromosomal aberrations in transformed fibroblasts ± bwCIRBP overexpression. 100 metaphase spreads analyzed per sample. g, Volumetric tumour growth curves from xenografts of transformed fibroblasts ± bwCIRBP overexpression. Each curve represents one injection into nude mice. h, Frequency of large deletions ( > 6 kb) in xenograft tumours from fibroblasts overexpressing bwCIRBP or luciferase control (n = 3 tumors control, n = 4 tumours bwCIRBP). Data are mean ± SD; Welch’s two-sided t-test (P = 0.0541).
Extended Data Fig. 13 CIRBP overexpression extends lifespan and enhances stress resistance in Drosophila.
a, Western blot of CIRBP protein levels in adult flies exposed to increasing RU486 doses to induce GeneSwitch-driven transgene expression. Experiment was independently repeated three times with similar results. b, RU486 alone does not affect adult fly survival. GeneSwitch driver flies were crossed to the ywR background line, into which CIRBP constructs were also crossed. c, CIRBP overexpression increases adult survival (bwCIRBP, n = 1,357; hCIRBP, n = 1,730; controls in black). Survival curves shown; proportional hazards analysis in d. d, Lifespan analysis under low, medium, and high CIRBP induction (RU486 doses in panel a). Negative log hazard ratios indicate increased longevity relative to control. Data analysed using mixed-effects Cox proportional hazards models (coxme). e, CIRBP overexpression enhances survival after lethal X-ray irradiation (bwCIRBP, n = 83; hCIRBP, n = 88), except for a non-significant effect at low bwCIRBP induction. Data analysed using standard Cox proportional hazards models (coxph). f, Proportional hazards analysis of post-irradiation survival in females with low, medium, or high CIRBP induction. Negative log hazard ratios indicate increased survival compared to control. Data analysed using coxph models. All tests were two-sided; no adjustments for multiple comparisons were applied.
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Abstract
Immune checkpoint blockade has led to paradigm shifts in the treatment of various tumour types1,2,3,4, yet limited efficacy has been observed in patients with metastatic mismatch-repair-proficient (pMMR) colorectal cancer5. Here we report clinical results and in-depth analysis of patients with early-stage pMMR colon cancer from the phase II NICHE study (ClinicalTrials.gov: NCT03026140). A total of 31 patients received neoadjuvant treatment of nivolumab plus ipilimumab followed by surgery. The response rate was 26% and included six patients with a major pathological response (10% or less residual viable tumour). One patient with an ongoing clinical complete response did not undergo surgery. Circulating tumour DNA was positive in 26 of 31 patients at baseline, and clearance was observed in 5 of 6 responders before surgery, whereas 19 of 20 non-responders remained circulating tumour DNA positive. Responses were observed despite a low tumour mutational burden in all tumours, whereas chromosomal genomic instability scores were significantly higher in responders than in non-responders. Furthermore, responding tumours had significantly higher baseline expression of proliferation signatures and TCF1, and imaging mass cytometry revealed a higher percentage of Ki-67+ cancer and Ki-67+CD8+ T cells in responders than in non-responders. These results provide a comprehensive analysis of response to neoadjuvant immune checkpoint blockade in early-stage pMMR colon cancers and identify potential biomarkers for patient selection.
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Main
Colorectal cancers (CRCs) can be divided into two biologically distinct subtypes based on the status of the DNA MMR system: pMMR and MMR-deficient (dMMR) tumours. Although immune checkpoint blockade (ICB) has become standard of care in patients with metastatic dMMR tumours1,6, metastatic pMMR tumours remain largely unresponsive to ICB5. This disparity has, at least in part, been attributed to the substantially lower tumour mutational burden (TMB) seen in pMMR tumours.
In recent years, neoadjuvant ICB has shown high pathological response rates that were associated with improved survival in various solid tumour types2,3,4,7,8. Of note, in patients with non-metastatic dMMR CRC, neoadjuvant ICB induced remarkably high response rates without disease recurrences9,10,11,12,13. Recent studies have also suggested that neoadjuvant ICB induces responses in a subgroup of patients with non-metastatic pMMR CRC14,15,16. Underlying mechanisms probably contributing to this high efficacy in earlier disease stages include a higher abundance of tumour-infiltrating immune cells, improved T cell function and a lower level of local and systemic immune suppression17,18,19,20,21.
Considering the lack of efficacy of ICB in patients with metastatic pMMR CRC, and considering that pMMR tumours constitute 85% of non-metastatic colon cancers22, strategies aimed at the development of effective immunotherapy regimens for patients with non-metastatic pMMR CRC are of high interest. Preclinical data have showed that the inhibition of prostaglandin E2 synthesis, a product of the cyclooxygenase-2 (COX-2) pathway, suppresses tumour-promoting inflammation and may enhance immunotherapy response23.
Given these data, we sought to explore the effects of neoadjuvant nivolumab plus ipilimumab, with or without selective COX-2 inhibition using celecoxib, in patients with early-stage pMMR colon adenocarcinoma. Here we report clinical outcomes as well as in-depth translational analyses from patients treated in the pMMR cohort of the phase II NICHE platform trial (NCT03026140).
Patient and treatment characteristics
From 29 June 2017 until 26 July 2021, 37 patients were screened for eligibility, of whom 33 were randomized and started treatment with either nivolumab and ipilimumab alone (n = 17) or combined with celecoxib (n = 16). The relatively slow accrual rate for this cohort, despite the high incidence of pMMR colon cancers, is probably attributable to the generally assumed unresponsiveness of pMMR colon cancers to immunotherapy, combined with the COVID-19 pandemic. The median age was 62 years (range 44–77 years) and 45% of patients were female. Among 33 patients, 18 patients (55%) had lymph node-positive disease as assessed on baseline computed tomography (CT) scan (Table 1). Two patients, one from each treatment group, who retrospectively did not meet inclusion criteria, were excluded from efficacy and translational analyses. One patient was found to have a mixed adenocarcinoma and neuroendocrine carcinoma in the resection specimen and the other had metastatic disease at preoperative imaging, which was retrospectively visible on baseline imaging. Both patients had completed two cycles of ICB according to protocol and were included in the safety analyses (Extended Data Fig. 1).
Table 1 Baseline patient and tumour characteristics
Treatment with short-course neoadjuvant ICB was generally well tolerated (Extended Data Table 1) and extensive safety data have been previously reported9,24. Both cycles of ICB were administered in 32 of 33 patients (97%). Celecoxib was discontinued in 3 of 16 patients randomized to that arm (19%) after 15, 21 and 24 days due to toxicity that was deemed at least possibly related to this treatment, including dyspepsia, dyspnoea and rash. Surgery was performed in 32 of 33 patients (97%) with a median interval of 4.6 weeks (range 3.7–6.0 weeks) between the first cycle of immunotherapy and resection, all without delays and with tumour-free margins. The remaining patient had a delay in surgery due to grade 3 myositis and required long-term immunosuppressive treatment before symptoms resolved. During this time, the patient underwent endoscopies and CT scans every 3 months, and by the time surgery could be performed safely, there was evidence of an ongoing clinical complete response and the patient waived surgery. The patient is under active surveillance without signs for local or distant recurrence, with a current follow-up of 42 months after treatment (Fig. 1e).
Fig. 1: Pathological responses and survival outcomes after short-course neoadjuvant ICB.

a, Percentage of pathological regression shown per tumour. The dashed line demarcates pathological response (PR) at 50% regression, and the black horizontal line depicts the demarcation for MPR at 90% regression. The clinical stage at baseline (upper boxes), the post-treatment pathological lymph node status (middle boxes) and whether patients received celecoxib (lower boxes) are also shown above the graph. b, Association between pathological response and clearance of ctDNA pre-surgery, either after one or two cycles of treatment (n = 25). One responder who was ctDNA+ after cycle 1 and for whom no pre-surgical data were available was excluded from this analysis. Significance was tested using a one-sided Fisher’s exact test. c, Kaplan–Meier plot for overall survival in patients included in the efficacy analysis. d, Kaplan–Meier plot for DFS for pathological responders (R; green) versus non-responders (NR; red) included in the efficacy analysis. e, Endoscopic images of the patient undergoing non-operative management with active surveillance, showing the tumour at baseline (top) and a clinical complete response at 1 year after treatment (bottom).
Clinical outcomes and ctDNA
Out of the 31 patients included in the efficacy analyses, 30 patients underwent surgery. Response to treatment was observed in 8 of 31 patients (26%, 95% confidence interval (CI) 12–45%; Fig. 1a), which included one patient with a clinical complete response who did not undergo surgery. Among the 30 patients who underwent surgery, 7 patients (23%) had a pathological response, defined as 50% or less residual viable tumour (RVT). Six of these 7 patients (6 of 30; 20%) had a major pathological response (MPR; defined as 10% or less RVT), of which 3 (10%) were pathological complete responses (pCR), defined as no RVT in both the primary tumour and the lymph nodes (see Extended Data Table 2 for responses in individual patients, including American Joint Committee on Cancer (AJCC) stage and RVT). Responses were observed across stages as assessed at baseline, with 4 out of 8 (50%) responders having stage 3, 2 (25%) having stage 2 and 2 (25%) having stage 1 tumours, indicating that clinical high-risk pMMR tumours are also amenable to response to neoadjuvant ICB. Response rates were comparable in patients treated with or without celecoxib (4 of 15 (27%) and 4 of 16 (25%), respectively).
Eight patients had tumour-positive lymph nodes in their resection specimen and seven of these patients, all non-responders, received adjuvant chemotherapy. The remaining patient, a responder with a pCR in the primary tumour and partial response in lymph nodes, declined adjuvant chemotherapy after counselling. One patient received adjuvant chemotherapy based on baseline clinical staging and local pathological staging of an ypT4b tumour macroscopically invading the abdominal wall, whereas central histopathological assessment revealed an ypT3 tumour.
Circulating tumour DNA (ctDNA) was detected in 26 of 31 patients (84%) at baseline, including 6 responders and 20 non-responders. ctDNA concentrations were associated with baseline clinical staging, with the highest concentrations observed in patients with stage 3 disease (Extended Data Fig. 2a). Analysis of ctDNA dynamics in patients who were ctDNA+ at baseline showed clearance of ctDNA before surgery either after the first (n = 3) or second (n = 2) cycle in 5 out of 6 responders. One responder remained ctDNA+ after the first cycle and no pre-surgical data were available to assess clearance after the second cycle. By contrast, 19 of 20 (95%) non-responders remained ctDNA+ at both time points before surgery (Fig. 1b and Extended Data Fig. 2b). Two patients, both non-responders, remained ctDNA+ at 3 weeks post-surgery.
With a median follow-up of 56 months (range 8–80 months), 25 out of 31 patients in the efficacy analysis (81%) were alive and disease-free, whereas 6 patients (19%) experienced disease recurrence, of which 1 patient died due to disease progression. Median overall survival and disease-free survival (DFS) were not reached (Fig. 1c). Among all patients in the efficacy analysis, the 3-year DFS was 93% (95% CI 85–100%). The two patients excluded from the efficacy analysis both received chemotherapy, and one patient also underwent local treatment for liver metastases. Both patients were disease free and alive at the time of data cut-off, with a follow-up of 61 and 69 months, respectively.
Of note, all responders remained disease free, whereas all six patients with disease recurrence were pathological non-responders and all were still ctDNA+ before surgery (Fig. 1d). Of the two patients that remained ctDNA+ post-surgery, one patient had disease recurrence, whereas the other patient, who had received adjuvant chemotherapy due to tumour-positive lymph nodes, remained disease free.
Response-associated genomic features
Whole-exome sequencing was performed to characterize genomic features of pMMR tumours and to identify potential biomarkers of response to ICB in an exploratory analysis. All patients had a low TMB (range 0.8–8.8 mutations per Mb), and TMB was not significantly higher in responders than in non-responders (median 3.3 versus 2.7 mutations per Mb, P = 0.13; Fig. 2b). In addition to mutational burden, tumour immunity may be affected by the landscape of chromosomal and copy number alterations, which reflects the level of genomic instability. Responders presented significantly higher chromosomal genomic instability scores than non-responders (median 0.83 versus 0.40; P = 0.028; Fig. 2c), which was furthermore associated with more frequent whole-genome duplication events (75% versus 43%; Fig. 2d and Extended Data Fig. 3a). Using a weighted genome instability index cut-off of 0.2 as a surrogate metric for chromosomal instability (CIN+)25,26, 23 of 31 (74%) tumours were labelled as CIN+. Of note, the median weighted genome instability index score was higher in responders than in non-responders, with 7 out of 8 tumours classified as CIN+ (Extended Data Fig. 3b).
Fig. 2: Genomic features of pMMR responders and non-responders.

a, Mutational landscape of pMMR tumours (n = 31), filtered for pathogenicity or likely functional impact (see Methods). The heatmap is coloured by the number of mutations detected in each gene and ordered by mutation frequency. Each column represents a patient, with baseline clinical staging, celecoxib treatment and response annotations presented above. b,c, Comparison of TMB (b) and ASCAT genomic instability scores (c) between responders (n = 8) and non-responders (n = 23). The boxplots represent the median and interquartile range, and whiskers extend from the hinge to the largest value within 1.5× the interquartile range from the hinge. Distributions were compared with a two-sided Wilcoxon rank-sum test. d, Proportion of tumours with whole-genome duplication in response groups. e, Frequency of KRAS mutations in responders (n = 8) and non-responders (n = 23). f, Combination of TP53 and KRAS mutational status and associations with response. KRASG12 WT groups include KRAS WT (n = 13) and other KRAS mutants (n = 4).
Analysis of known CRC driver mutations revealed frequent mutations in APC (94%), TP53 (65%) and KRAS (58%; Fig. 2a), all determined to have a functional impact (Supplementary Table 1). All 20 TP53 mutations had OncoKB loss of function or ClinVar pathogenic annotations. Most responders had mutations in TP53 (7 of 8, 88%), which were detected at a lower frequency in non-responders (13 of 23, 57%; Fig. 2f). Correspondingly, TP53-mutant tumours had a numerically higher but not statistically significant response rate than TP53 wild-type (WT) tumours (7 of 20, 35% versus 1 of 11, 9%, respectively; P = 0.20; Extended Data Fig. 3c). These data are in line with the overall higher rate of genomic instability and the proportion of whole-genome duplications in responders, both frequently observed in TP53-mutant tumours27 (Extended Data Fig. 3d,e).
Among the 18 tumours with pathogenic KRAS mutations, KRASG12 substitutions were most frequent (n = 14, 78%) and included 6 KRASG12D, 5 KRASG12V, 2 KRASG12S and 1 KRASG12C substitutions. In four patients, other KRAS mutations were observed and included KRASG13R, KRASG60V, KRASA146T and KRASK117N. All 18 KRAS mutations were gain of function. When considering all KRAS mutations, a non-significant trend towards increased responses was observed in patients with KRAS WT tumours (5 of 13, 38%) compared with those with KRAS-mutant tumours (3 of 18, 17%; P = 0.23). When specifically considering KRASG12, a response was observed in 1 of 14 (7%) tumours with a KRASG12 mutation, whereas 7 of 17 (41%; P = 0.045) KRASG12 WT tumours responded (Fig. 2e). Together, these data suggest a possible enrichment for response in TP53-mutant; KRASG12 WT tumours (6 of 13; 46%; Fig. 2f) compared with limited responses in TP53-mutant;KRASG12-mutant tumours (1 of 7, 14%) and TP53 WT;KRASG12-mutant tumours (0 of 7, 0%).
Baseline proliferation and response
To characterize molecular features of the tumour microenvironment (TME), a comprehensive set of gene expression signatures was investigated (Supplementary Table 2). Transcriptomic analysis of pre-treatment samples showed that immune-related signatures, including those associated with IFNγ, T cell infiltration and activity, were not predictive of response (Fig. 3a). However, signatures related to cell proliferation and cell cycle were enriched in responders, including hallmarks for G2M checkpoint (P = 0.004), E2F (P = 0.012) and MYC targets (P = 0.03), as well as a proliferation signature (P = 0.026; Fig. 3b). Of note, the most pronounced association with response was a signature of natural killer cell receptor ligands (P = 2 × 10−4), which was in turn correlated with the proliferation signature (P = 3.9 × 10−5; Extended Data Fig. 4a). In addition, expression of TCF1 (encoded by TCF7), a marker of naive or stem-like T cells with proliferative potential28, was significantly higher in responders than in non-responders (P = 0.0074). Furthermore, an enrichment of the hallmark signature for DNA repair was observed in responders (P = 0.0087), consistent with the increased genomic instability in these tumours, as described above.
Fig. 3: Baseline gene signatures, proliferation and T cell populations in responders and non-responders.

a, Volcano plot comparing gene set expression for responders (n = 8) and non-responders (n = 23). Gene sets are coloured by TME categories. The dashed horizontal line indicates P = 0.05, the dotted line denotes false discovery rate (FDR) = 0.33 and the dashed vertical line shows null effects. exp, expanded; F TBRS, fibroblast TGFβ response signature; NK, natural killer; Stem.Sig, stemness signature; T TBRS, T cell TBRS; TIL, tumour-infiltrating lymphocyte; VISTA, V-domain Ig suppressor of T cell activation. Superscript H indicates hallmark signatures. b, Proliferation single sample gene set enrichment analysis (ssGSEA) scores between responders (n = 8) and non-responders (n = 23). c, E2F targets, G2M checkpoint and proliferation signature in TP53-mutant responders (n = 7) and non-responders (n = 13). d, Density of Ki-67+CD8+ in IMC samples for responders (n = 8) and non-responders (n = 22). e, Density of CD8+PD1+ T cells in immunohistochemistry for responders (n = 8) and non-responders (n = 21). f, Percentage of CD103+ in CD8+ cells in IMC biopsies for responders (n = 8) and non-responders (n = 22). g, Percentage of non-singleton scRNA-seq TCR repertoires for all, CD8+ and CD4+ T cells in responders (n = 3) and non-responders (n = 10). Comparisons include response groups and CD8+ versus CD4+ for all patients (n = 13). h, Uniform manifold approximation and projection (UMAP) of CD8+ T cell clusters (n = 4,588). i, Dotplot of CD8+ T cell clusters and within-sample cluster distributions between responders (n = 3) and non-responders (n = 9), indicating log2 fold change between mean cluster proportions. One non-responder was excluded due to low CD8+ T cells. The triangle denotes a non-responder with a 0.71 proportion of c3 CD8+ mucosal-associated invariant T (MAIT) cells. Full cluster names: c0 activated memory, c1 naive memory, c2 tissue-resident, c3 mucosal-associated invariant, c4 exhausted/dysfunctional, c5 early exhausted/dysfunctional, c6 CD8+ T natural killer-like (TNK) effector and c7 proliferating. The boxplots represent the median and interquartile range, and whiskers extend from the hinge to the largest value within 1.5× the interquartile range from the hinge (b–g,i). Distributions were compared with two-sided Wilcoxon rank-sum tests (a–g,i).
To explore TME features of untreated TP53-mutant versus TP53 WT pMMR colon cancer, we analysed transcriptomic and genomic data from The Cancer Genome Atlas (TCGA) and atlas and compass of immune–colon cancer–microbiome interactions (AC-ICAM)29 cohorts (Extended Data Table 3). This revealed higher expression of proliferation and cell cycle signatures in TP53-mutant tumours (Extended Data Figs. 3f–h and 4b). In our study, even within tumours harbouring TP53 mutations, scores for these signatures were still higher in responders than in non-responders, suggesting that proliferation may be an independent predictive biomarker (Fig. 3c).
To further investigate the cellular origin of the proliferation signal, Ki-67+ immunodetection alongside several cellular markers was performed by imaging mass cytometry (IMC). The majority of Ki-67+ cells corresponded to cancer cells (Extended Data Fig. 4c) and, in line with the transcriptomic data, a significantly higher percentage of Ki-67+ cancer cells was observed in responders than in non-responders (P = 0.004; Extended Data Fig. 4d). Although cancer cell proliferation was predominant, the density of Ki-67+CD8+ T cells was also significantly higher in responders than in non-responders (P = 0.035; Fig. 3d), an observation that is of particular relevance in view of the previously described association between intratumoural T cell proliferation and tumour reactivity30. Of note, the previously reported finding of a higher baseline CD8+PD1+ infiltration in responders24 was numerically but not statistically significantly higher in this complete cohort and thus previous results could not be confirmed (P = 0.17; Fig. 3e). However, a higher percentage of CD103 positivity, a tissue-residency marker consistent with tumour-reactive populations in CD8+ T cells31, was associated with response, albeit not significant (P = 0.07; Fig. 3f). To further dissect T cell phenotypes, single-cell RNA sequencing (scRNA-seq) and TCR-seq were performed on CD45+ cells in pre-treatment biopsies, which were available for 3 responders and 10 non-responders. The majority of immune cells was represented by T and T/natural killer (TNK) clusters (Extended Data Fig. 4e,f). Most TCR clones corresponded to singletons, with CD8+ T cells generally showing significantly greater clonal expansion than CD4+ T cells (P = 7.2 × 10−5). When comparing CD4+ and CD8+ TCR clonality between responders and non-responders, no significant differences were observed (P = 0.37 and P = 0.47; Fig. 3g and Extended Data Fig. 4g). CD8+ T cells displayed distinct transcriptomic states that translated to eight clusters, annotated with a comprehensive combination of markers and scRNA-seq signatures (Fig. 3h and Supplementary Table 2). CD8 cluster c4, a tissue-resident population with the highest CD103 expression (encoded by ITGAE), displayed transcriptomic markers of dysfunctional/exhausted cells, such as ENTDP1, PDCD1, TOX and CXCL13, as well as checkpoints such as TIGIT, LAG3 and CTLA4 (Fig. 3i and Extended Data Fig. 4i). Cluster c4 shared many of these transcriptomic features with the small proliferating cluster c7. Furthermore, most TCR clones from the proliferating compartment were shared with those observed in the c4 exhausted cell compartment (Fig. 3g,i). Consistently, both CD8+CD103+ and CD8+Ki-67+ T cells, as well as clusters c4 and c7, were enriched for tumour-reactivity signatures (Extended Data Fig. 4h,j,k). Although differences in CD8+ T cell cluster proportions were subtle between responders and non-responders profiled with scRNA-seq, these data support observations in IMC, by showing enrichment for tumour-reactive cell states in the CD103+ and Ki-67+CD8+ T cell pools that were associated with response in the larger IMC dataset.
To investigate innate-like immune cells relevant for the colon mucosa, γδ T cells and innate lymphoid cell (ILC) counts were retrieved from the IMC data. γδ T cells were present at low frequencies and did not differ at baseline (P = 0.94; Extended Data Fig. 4l). A trend towards higher density of ILC was observed in responders (P = 0.12), with higher CD103 and Ki-67 expression in these cells, similar to observations in CD8+ T cells (Extended Data Fig. 4m,n). Although representing the smallest TCR-negative cluster, ILC could be identified in scRNA-seq data (Extended Data Fig. 4o) as ILC3, positive for the transcription factor RORγt (encoded by RORC). Furthermore, the cluster had detectable expression of MHC class II, indicating an ability for antigen presentation.
Immune activation regardless of response
A paired transcriptomic analysis of matched pre-treatment and post-treatment samples was conducted to understand TME dynamics after ICB. This revealed clear immune mobilization in the majority of patients, as evidenced by differentially upregulated genes of interest that are associated with anticancer immunity and cytotoxicity such as CXCL13 (P = 5.1 × 10−5), CD8 (P = 1.4 × 10−5) and IFNγ signatures (P = 9.2 × 10−6; Fig. 4a–c and Extended Data Fig. 5a,b). This immune activation was observed in both pathological responders as well as non-responders, and the expression of immune-related signatures increased with comparable magnitudes in both groups (Fig. 4d).
Fig. 4: Immune mobilization after ICB in responders and non-responders.

a–c, Comparison of paired pre-treatment and post-treatment expression for CD8+ T cells Danaher (a), Ayers IFNγ expanded (b) and CXCL13 (c) in responders (n = 8) and non-responders (n = 23). The boxplots represent the median and interquartile range, and the whiskers extend from the hinge to the largest value within 1.5× the interquartile range from the hinge. Distributions were compared with a two-sided Wilcoxon signed-rank test. RPM, reads per million. d, Comparison of paired treatment effect sizes between response groups. The solid diagonal line indicates a correlation of 1, and the dashed lines indicate null effects. Gene sets are coloured by TME categories. EMT, epithelial-to-mesenchymal transition; KLR, killer cell lectin-like receptor; MICA, MHC class I polypeptide-related sequence A; OxPhos, oxidative phosphorylation; ROS, reactive oxygen species; TH2, T helper 2; Treg, regulatory T; TLS, tertiary lymphoid structure. e, Volcano plot comparing post-treatment expression of gene sets for responders (n = 8) and non-responders (n = 23). Gene sets are coloured by TME categories. Superscript H indicates hallmark signatures in d,e. f, Comparisons of post-treatment gene set expression between patients treated with celecoxib (n = 15) or without (n = 16). Gene sets are coloured based on expectation of COX-2 inhibition or knockout from literature. NA, not available. Distributions were compared with two-sided Wilcoxon rank-sum tests (e,f). Adjustment for multiple comparisons was performed to obtain the FDR. The dashed horizontal line indicates P = 0.05, the dotted line denotes FDR = 0.33 and the dashed vertical line indicates null effects (e,f).
Despite the similar immune mobilization upon ICB, the dynamics of metabolic and stromal signatures differed between responders and non-responders. Specifically, mean scores for fatty acid metabolism and mTOR signalling increased in non-responders after treatment (P = 0.0067 and P = 0.048), indicative of metabolic reprogramming, whereas these signatures decreased in responders (P = 0.55 and P = 0.016; Fig. 4d). In addition, a significant decrease in the matrix remodelling signature was detected in responders (P = 0.016), potentially reflecting tumour cell clearance, whereas this signal remained relatively stable in non-responders (P = 0.8). When comparing post-treatment expression in responders versus non-responders, matrix remodelling (P = 0.001) and metabolic signatures such as oxidative phosphorylation (P = 0.0022) and glycolysis (P = 0.0054) were higher in non-responders (Fig. 4e), whereas TCF1 expression was higher in responders (P = 0.023).
Treatment with celecoxib was aimed at reducing prostaglandin E2 production23 and promoting antitumour immunity, yet when comparing patients treated with versus without celecoxib, immunomodulatory effects of celecoxib were not observed post-treatment (Fig. 4f and Extended Data Fig. 5c). In addition, when considering patients with high baseline COX-2 expression, no differences in post-treatment immunomodulation were observed in patients who were treated with or without celecoxib (Extended Data Fig. 5d,e).
To evaluate interactions of stromal features and immune infiltration with response, the TME of each sample was classified into four distinct subtypes, that is, depleted, fibrotic, inflamed or inflamed-fibrotic, based on previously described signatures32, and tumours were additionally classified using the consensus molecular subtypes (CMSs)33 (Fig. 5a).
Fig. 5: Association of TME subtypes and TGFβ signalling with response to ICB.

a, Heatmap of TME signature scores32. Values are Z-scored and coloured by discrete quantiles. Each column represents a tumour sample (n = 62), with response, time point, baseline clinical staging, CMS33 and TME classifications annotated above. DC, dendritic cell; MHCI, MHC class I; TAM, tumour-associated macrophage. b, Proportion of TME subtypes in pre-treatment samples for all tumours (n = 31), responders (n = 8) and non-responders (n = 23). c, Alluvial plots indicating TME classification between pre-treatment and post-treatment samples for each patient in response groups. d,e, Comparison of pre-treatment ssGSEA scores for the F TBRS (d) and ssGSEA scores for the T TBRS (e) in inflamed-fibrotic (n = 16) and non-inflamed fibrotic (n = 15) tumours. The green triangles indicate responders, and the red dots denote non-responders. f,g, Correlation between pre-treatment ssGSEA scores for CAFs and TGFβ hallmark signatures (f), and for CAFs and TIL score signatures (g) for responders (n = 8) and non-responders (n = 23). The dots are coloured by TME classification. The grey area indicates the 95% CI of the blue regression line. Pearson’s r values and fits are shown. h, Comparison of total TGFβ counts per area in pre-treatment IMC samples for responders (n = 8) and non-responders (n = 22). The dashed line indicates the median TGFβ density. The boxplots represent the median and interquartile range, and the whiskers extend from the hinge to the largest value within 1.5× the interquartile range from the hinge. Distributions were compared with a two-sided Wilcoxon rank-sum test.
At baseline, there was evidence for two main TME subtypes: immune depleted and inflamed-fibrotic (Fig. 5b). Non-responding tumours were more often of the inflamed-fibrotic subtype (14 of 23, 61%) than responding tumours (2 of 8, 25%; Fig. 5c). Non-responders were more often of the CMS2 (11 of 23, 48%) and CMS4 (6 of 23, 26%) subtypes (Extended Data Fig. 6a), and each accounted for 6 of the 14 inflamed-fibrotic non-responding tumours. Inflamed-fibrotic tumours exhibited significantly higher expression of signatures related to fibroblast and T cell TGFβ signalling (P = 1.1 × 10−4 and P = 9.1 × 10−5; Fig. 5d,e), and this was in turn positively associated with signatures for cancer-associated fibroblasts (CAFs; Fig. 5f), immune infiltration (Fig. 5g) and matrix remodelling (Extended Data Fig. 6b). Furthermore, IMC analysis of pre-treatment biopsies revealed high TGFβ counts in a subgroup of non-responders (P = 0.37; Fig. 5h), with high levels of TGFβ in both cancer cells and CAFs, as well as extracellular matrix deposits (Extended Data Fig. 6c,d). On the basis of these findings, IMC markers were compared across CAF and myeloid populations to further profile these cell subsets. Although responders did not display an enrichment for distinct CAFs (Extended Data Fig. 7a,c,d), a trend for higher density of monocytes and macrophages positive for CD163 (P = 0.063) and HLA-DR (P = 0.064) was observed in responders (Extended Data Fig. 7b,e,f).
To further dissect differences within non-responders and the effects of ICB according to TME subtype, TME dynamics were investigated by comparing pre-treatment and post-treatment samples. Inflamed-fibrotic non-responding tumours still displayed enrichment of immune signatures post-treatment, accompanied by an increase in mTOR signalling and fatty acid metabolism (Extended Data Fig. 6e,f). Meanwhile, non-responders that were not inflamed-fibrotic at baseline showed stronger immune activation after ICB, along with increases in stromal signatures (Extended Data Fig. 6e,g). Together, these results suggest that TGFβ and stromal features correlate with expression of immune signatures in an important proportion of non-responders and may represent immune-suppressive mechanisms hampering response to ICB.
Discussion
In this study, we have showed that neoadjuvant nivolumab plus ipilimumab exhibits promising antitumour activity in patients with pMMR colon cancer, a tumour type previously considered refractory to immunotherapy, with a response rate of 26% after only 4 weeks of treatment.
The current standard of care for patients with localized pMMR colon cancers consists of surgery, followed by adjuvant chemotherapy in case of stage 3 disease, which may also be considered for stage 2 disease with high-risk factors, including pT4 disease34. Adjuvant chemotherapy regimens, including fluorouracil with or without oxaliplatin, have been shown to improve DFS and overall survival. However, no advancements have been made since the introduction of oxaliplatin in 2004 to increase cure in this patient population35. While acknowledging the limitations of cross-trial comparisons and our small sample size, the pathological response rate of 26% following neoadjuvant immunotherapy in the current study is numerically similar to the 21–23% response rate to neoadjuvant chemotherapy in pMMR tumours in the OPTICAL and FOxTROT studies36,37. Although there is an ongoing interest in the potential of celecoxib either in combination with immunotherapy or as an addition to adjuvant chemotherapy38, the addition of celecoxib did not affect response rates or induce substantial immunomodulation in our study.
Neoadjuvant treatment regimens are increasingly being used in patients with colon cancer, and data from the FOxTROT study suggest a strong correlation between pathological response to neoadjuvant chemotherapy and lower risk of recurrence36. Over the past years, a growing number of studies has started to explore neoadjuvant immunotherapy in patients with both pMMR and dMMR colon cancer11,12,14,16,39. For neoadjuvant immunotherapy, the association between response and improved recurrence-free survival appears to be stronger than targeted therapies, as observed in melanoma7,8. In addition, support for a highly favourable survival in patients with colon cancer with a pathological response to neoadjuvant ICB is provided by the NICHE-2 study, in which 98% of patients with locally advanced dMMR colon cancer had a pathological response to neoadjuvant immunotherapy, and none of these patients had recurrent disease at a median follow up of 3 years9,10.
In the current study, a similar relationship between pathological response and a high DFS can be postulated, albeit with smaller numbers, with none of the eight responders experiencing disease recurrence compared with 6 of 23 non-responders having recurrence of disease at a median follow-up of 48 months. It should be noted that 48% of patients in this efficacy analysis had tumours that were classified as stage 1 or stage 2 at baseline, which have been linked to lower 5-year recurrence rates of around 5% and 12%, respectively40. However, responses in our study were not limited to patients with stage 1 or stage 2 disease and were also observed in patients with stage 3 disease with a recurrence risk that has previously been described at approximately 33%40. An important limitation of neoadjuvant treatment for colon cancer remains the limited ability to accurately predict lymph node metastases on CT scans, which may lead to overstaging and potential overtreatment when focusing on lymph node staging41,42; however, we do note that in this study, clinical staging was associated with the detection of ctDNA at baseline. We also show that pre-surgical clearance of ctDNA is strongly correlated with pathological response after neoadjuvant immunotherapy, as evidenced by ctDNA clearance in responders, whereas all but one non-responder remained ctDNA+. These data are in line with results from NICHE-2 in locally advanced dMMR tumours showing clearance of ctDNA in the majority of patients with an MPR or pCR following neoadjuvant nivolumab plus ipilimumab10. Together, these results may provide new avenues for adaptive neoadjuvant studies based on ctDNA.
Translational analyses of colon tumours and the surrounding TME both before and after neoadjuvant ICB are of great interest to identify biomarkers of response to immunotherapy or chemotherapy, thereby aiding future selection of patients who are most likely to benefit from either of these therapies. The neoadjuvant administration of immunotherapy in this study provides the window of opportunity for a unique in-depth analysis of the colon cancer TME of responders versus non-responders. The lack of response in metastatic pMMR colon cancers has been largely attributed to their low TMB and lack of immune infiltration. Here we have demonstrated that deep pathological responses can be induced by ICB in pMMR colon cancer despite a low TMB in all tumours. Furthermore, established biomarkers predictive of response to immunotherapy, such as IFNγ43,44 and CD8+ T cell infiltration45, were not different between responders and non-responders at baseline, suggesting that in colon cancer, different mechanisms of immune evasion may dominate. In an exploratory analysis, we observed hints of an enrichment for response in tumours with TP53 mutations, with a higher probability of response in those harbouring a TP53 mutation without a KRASG12 mutation. If validated in larger studies, these data may enable selection of patients based on standard-of-care genomic assessments of colorectal cancers. Consistent with an elevated response rate in tumours with TP53 mutations, responding tumours also displayed an enrichment of whole-genome duplications, which has recently been linked to higher ICB responsiveness in other cancer types27.
In addition, proliferation and cell cycle gene signatures, as well as Ki-67+ tumour and CD8+ T cells, were found to be associated with response to ICB. Although higher baseline proliferation has been described in responders to ICB in other cancer types44,46, there have been no previous data directly connecting the triad of TP53 mutational status, proliferation signatures and ICB response. Of note, both proliferation and whole-genome duplications can promote states of cell stress and marked chromosomal instability25,27,47, altered expression of antigens and activation of mechanisms for elimination of aneuploid cells48,49. This may in part explain responses observed in tumours with high levels of genomic instability in our study.
Together, these data provide early evidence for a possible role for ICB to enable immune targeting of genomically unstable TP53-mutant tumours. Of note, although genomic instability may potentiate ICB efficacy by exposing immune vulnerabilities, it may also lead to evolution of resistance mechanisms in tumour cells48,50. Gaining a better understanding of the intricate interactions between genomic instability, immunogenicity and immune evasion in the context of ICB will be of importance to further improve the treatment of pMMR CRC.
In line with the association of proliferation signatures and response, using IMC and scRNA-seq, we detected a higher infiltration of Ki-67+ and CD103+CD8+ T cells with features of dysfunctional/exhausted tumour-reactive cells in responders. These cells represented a relatively small proportion of the total T cell pool, and showed expression of ITGAE (encoding CD103), CXCL13, ENTDP1, PDCD1 and other checkpoint molecules consistent with previous antigen exposure and tumour reactivity. These results are in line with reports of chronically stimulated tissue-resident CD8+ populations that retain proliferative capacity and are thought to be involved in tumour control30,31 and that have been associated with better prognosis and tumour reactivity in pMMR CRC51,52.
When comparing pre-treatment and post-treatment expression data, we found that ICB was able to induce substantial immune mobilization in both responding and non-responding tumours. These results suggest that lack of overall immune activation may not form the predominant mechanism underlying ICB resistance in non-metastatic pMMR colon cancer. The importance of non-immune TME components in response to ICB is suggested by our observation that stromal inflamed-fibrotic TME subtypes were associated with lack of response, whereas the magnitude of immune infiltration by itself was not. Compared with other subtypes, inflamed-fibrotic tumours exhibited higher signalling of TGFβ, a potent negative regulator of cancer immunity that has been associated with immune exclusion and poor prognosis. On the basis of these results and previous data showing an association between TGFβ and non-response in urothelial and gynaecological malignancies53,54, it may be of interest to explore the role of TGFβ in response to ICB in patients with pMMR colon cancer in future trials46,55,56,57,58.
Although a subset of patients with non-metastatic pMMR colon cancer is cured with standard-of-care adjuvant chemotherapy, depending on stage, between 20% and 50% of patients develop disease recurrence despite this treatment59. Within the NICHE platform study, we provide data demonstrating deep pathological responses following a short treatment with neoadjuvant ICB in 26% of patients with pMMR colon cancer9,24. On the basis our data, we envision prospective studies that stratify patients based on TP53 and KRAS status to validate the results from the current study. Exploratory studies of treatments targeting KRAS and tumour stroma, including TGFβ, may in addition provide avenues for the subgroup of non-responders to ICB.
In conclusion, our data indicate that a substantial proportion of patients with localized pMMR colon cancer may benefit from neoadjuvant anti-PD1 plus anti-CTLA4. These promising clinical and translational findings warrant validation in larger cohorts of selected patient populations.
Methods
Patients
Eligible patients were 18 years of age or older and had previously untreated, pMMR, clinical stage I, II or III colon adenocarcinoma that was considered resectable and showed no signs of distant metastases. All patients had a World Health Organization (WHO) performance status of 0 or 1 and adequate haematological and end-organ function. MMR status was determined by immunohistochemical staining for the MMR proteins MLH1, PMS2, MSH2 and MSH6, and proficiency was defined as normal expression of all four proteins. Key exclusion criteria included signs of obstruction or perforation, previous immunotherapy, active autoimmune disease requiring systemic immunosuppressive treatment and active concurrent cancer.
Study design
The NICHE study (ClinicalTrials.gov: NCT03026140) is an investigator-initiated, open-label study that was conducted at the Netherlands Cancer Institute (NKI). All patients received a single dose of ipilimumab 1 mg kg−1 on day 1 and two doses of nivolumab 3 mg kg−1 on day 1 and day 15, and patients were randomized to additionally receive celecoxib 200 mg daily from day 1 until the day before surgical resection. Surgery was scheduled in one of the participating centres with a predefined maximum of 6 weeks after study enrolment. All treatment cycles were administered before surgery and no standard adjuvant study treatment was given. According to national guidelines, adjuvant chemotherapy was offered to patients who had tumour-positive lymph nodes or ypT4 status in the post-treatment resection specimen.
End points and statistics
The primary objectives were safety and feasibility. The primary objective of safety was evaluated by the occurrence of (serious) adverse events and the objective of feasibility was assessed by treatment-related complications leading to surgical delay past the planned 6 weeks after inclusion in the study, as well as by adherence to the study protocol. All patients who received at least once cycle of the study treatment were monitored for SAEs and adverse events until 100 days after study drug administration and all adverse events were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (v4.03)60. Secondary and translational end points included DFS, overall survival and efficacy as measured by histopathological treatment response, as well as assessment of putative biomarkers of response and exploration of treatment-induced changes in the TME based on genomics, transcriptomics, immunohistochemistry and IMC.
Initial data regarding safety, efficacy and translational end points obtained from the first 17 patients enrolled in the pMMR cohort and treated with nivolumab plus ipilimumab with or without celecoxib have previously been published24. The current report includes data on both the previously published patients (n = 17) and the patients included thereafter (n = 16).
All patients underwent tumour staging at baseline by CT of the chest and abdomen performed within 28 days before the start of treatment. Colonoscopy to obtain representative pre-treatment biopsies from tumour and normal colon tissue was performed within 7 days before the first treatment cycle, and post-treatment tissue was obtained by surgical resection. All obtained tissue samples were either directly frozen or fixed in formalin and paraffin embedded.
Clinical data were collected using the TENALEA Clinical Trial Data Management system. Baseline characteristics are presented for the intention-to-treat population, defined as all patients enrolled in the study. Categorical variables are summarized as absolute numbers and percentages and continuous variables with medians and (interquartile) ranges. For binary outcomes, exact two-sided 95% CIs were calculated using the Clopper–Pearson method. Time-to-event end points include DFS and overall survival. DFS was defined as the time from surgery to recurrence or disease-related death; patients alive at the last follow-up date who did not experience progression or recurrence were censored. Overall survival was defined as the time between the date of enrolment and death due to any cause; data for patients who are not reported as having died have been censored at the date when last known to be alive. The Kaplan–Meier method was used to analyse time-to-event end points. A log-rank test was used to compare DFS and overall survival curves between responders and non-responders; for comparison of the overall survival curves, landmark analysis was performed with a landmark at the date of surgery. Median follow-up time from enrolment was calculated using the reverse Kaplan–Meier method. All reported P values are two-sided unless otherwise specified, and a P < 0.05 was considered statistically significant. Analyses were performed using R (v4.3.0)61 using R-studio build 561 with packages: arsenal (v3.6.3), survival (v3.6-4) and survminer (v.0.4.9), except for statistical analyses related to RNA-seq, whole-exome sequencing, immunohistochemistry and IMC data, which were conducted using R (v4.2.3) using R-studio build 513 with the packages: tidyverse (v2.0), ggplot2 (v3.4.2), ggpubr (v0.6.0) and pheatmap (v1.0.12). Exploratory comparisons of signature expression scores and genomic features were performed between responders and non-responders using two-sided Wilcoxon rank-sum tests. Comparisons between pre-treatment and post-treatment samples were tested using Wilcoxon signed-rank tests. Multiple hypothesis testing correction was performed with the method from Benjamini–Hochberg. Nominal P values are provided and values corresponding to 0.33 FDR are indicated. Each patient represented a unit of analysis.
Study oversight
The study protocol was approved by the institutional review board of the NKI (sponsor) and by the individual ethics boards of participating centres: OLVG and Spaarne Gasthuis. The study was conducted in accordance with the International Conference on Harmonization Guideline for Good Clinical Practice and the principles of the Declaration of Helsinki. Written informed consent for participation in the study was obtained from all patients.
Pathology assessments and immunohistochemistry
Formalin-fixed, paraffin-embedded (FFPE) blocks were obtained from pre-treatment biopsies and from post-treatment surgical specimens. Baseline tumour biopsies were used to assess MMR status by immunohistochemistry for MLH1, PMS2, MSH2 and MSH6 performed on a BenchMark Ultra autostainer (Ventana Medical Systems) following the manufacturer’s instructions. In brief, 3-µm sections were cut from FFPE blocks, which were heated for 28 min at 75 °C and deparaffinized using EZ Prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was performed for 32 min at 95 °C using Cell Conditioning Solution 1 (Ventana Medical Systems). The antibodies used for staining were MLH1, ready-to-use, M1 (6472966001, Roche); PMS2, 1:40 dilution, clone EP51 (M3647, Agilent Technologies); MSH2, ready-to-use, G219-1129 (5269270001, Roche); and MSH6, 1:50 dilution, EP49 (AC-0047, Abcam). The OptiView DAB Detection Kit was used to visualize bound antibody and slides were counterstained with haematoxylin and bluing reagent (Ventana Medical Systems). Individual stains for each protein were regarded as positive in case of clear nuclear staining in tumour cells with a positive internal control. Tumours with positive staining for all four proteins were considered MMR proficient.
Post-treatment surgical specimens were subjected to histopathological examination using the entire tumour bed and all resected lymph nodes. Slides were counterstained with haematoxylin and eosin (H&E) to assess the percentage of RVT62. Pathological response was defined as 50% or less RVT (consistent with AJCC/College of American Pathologists (CAP) TRG 0-2)63, including partial response with 11–50% RVT (AJCC/CAP TRG 2), MPR with 10% or less RVT (AJCC/CAP TRG 0-1) and pCR with absence of RVT in both the tumour bed and the lymph nodes (AJCC/CAP TRG 0)62. Post-treatment specimens were also staged according to the AJCC 8th TNM classification64. All specimens were centrally reviewed by an experienced gastrointestinal pathologist.
FFPE sections obtained from pre-treatment tumour biopsies were evaluated by immunohistochemistry for PD1 and CD8 using a Discovery Ultra autostainer (Ventana Medical Systems). In brief, FFPE blocks were used to cut 3-µm sections, which were heated for 28 min at 75 °C and deparaffinized using EZ Prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was performed for 32 min at 95 °C using Cell Conditioning Solution 1 (Ventana Medical Systems). A double stain was performed for PD1 (yellow) followed by CD8 (purple). In the first sequence, PD1 was detected using clone NAT105 (ready-to-use, Roche Diagnostics, Ventana Medical Systems) for 32 min at 37 °C, and bound antibody was visualized using anti-mouse NP (Ventana Medical Systems) for 12 min at 37 °C, followed by the Discovery Yellow Detection Kit (Ventana Medical Systems). In the second sequence, CD8 was detected using clone CD8/144B (1:200 dilution; Agilent/DAKO) at 32 min for 37 °C, and bound antibody was visualized using anti-mouse HQ (Ventana Medical Systems) for 12 min at 37 °C, followed by the Discovery Purple Detection Kit (Ventana Medical Systems). Slides were counterstained with haematoxylin and bluing reagent (Ventana Medical Systems). All slides were scanned with the Panoramic 1000 (3D HISTECH) at 0.25 µm per pixel. HALO image analysis software (v4.0.5107.357; Indica Labs)65 was used for quantification of positively stained cells within the tumour region that was manually annotated by a gastrointestinal pathologist. The Indica Labs Multiplex IHC (v3.0.3) analysis algorithm was used for the analysis.
ctDNA analysis
Signatera (Natera Inc.) ctDNA analysis was performed retrospectively on banked specimens. Whole-exome sequencing was conducted on tumour tissue and on matched germline DNA obtained from peripheral blood mononuclear cells. Following initial quality controls and sample concordance checks, somatic variant calling was performed using Natera’s propriety bioinformatics pipeline66, which allows filtering of putative germline and clonal haematopoiesis mutations of unknown significance. Up to 16 somatic single-nucleotide variants were selected, based on which PCR amplicons were designed and applied on cell-free DNA samples of all patients.
A median of 29.25 ng cell-free DNA was isolated from a median of 4.0 ml (range 1.7–7.4 ml) plasma obtained from all patients at baseline, before cycle 2, pre-operative as well as 3 weeks and 3–6 months post-operative. Plasma samples were considered to be ctDNA+ when 2 or more out of 16 variants were detected. The concentration of ctDNA in each sample was measured and reported as mean tumour molecules per millilitre of plasma.
Categorical variables were compared using Fisher’s exact test, carried out in R (v4.3.1) using packages stats (v4.3.1) and mosaic (v1.9.1).
IMC staining and analysis
IMC was performed on pre-treatment biopsies using 4-µm-thick FFPE tissue sections to detect 40 cellular targets as previously described67. After deparaffinizing and heat-mediated antigen retrieval in high pH antigen retrieval solution (eBioscience, Thermo Fisher Scientific), sections were subjected to blocking with Superblock solution (Thermo Fisher Scientific) to limit unspecific binding of antibodies. Next, antibodies were incubated overnight at 4 °C with anti-CD4 and anti-TCRγδ (antibody details are available in Supplementary Table 3) followed by a 5-h room temperature incubation with the first set of antibodies. After rigorous washing, the sections were incubated with the remaining antibodies and incubated for 5 min with DNA intercalator iridium (1.25 µM; Fluidigm) to stain the nuclei. Finally, sections were washed with water, air dried and stored at room temperature until measurement.
For each section, two or three 1 mm2 regions of interest were ablated on the Hyperion mass cytometry imaging system (Fluidigm). Data quality was visually inspected using the Fluidigm MCD viewer (v1.0.560.6) and exported as multi-tiff files. Images were normalized by rescaling all images and markers between 0 and 1 followed by a two-step denoising, where first a minimal signal threshold of 0.1 was set followed by per marker percentile normalization. Cell segmentation masks were generated from the normalized images using CellProfiler (v4.2.1). First nuclei were defined using the DNA images to which membranes were added using keratin, vimentin and CD45 images. Single-cell marker expression FCS files were generated by combining the normalized images with cell segmentation masks in ImaCytE68 and after dimensionality reduction, cells were clustered by mean-shift clustering in Cytosplore (v2.3.1)69. Clusters were mapped back on the images and visually confirmed by comparison with raw images in MCD viewer. Finally, cluster abundances per image were combined per sample and visualized as cells per mm2. Counts were averaged across regions of interest for each sample. Owing to low abundance of CD103 and granzyme B, no distinct clusters were formed and thus their presence was determined by counting the number of cells with a marker expression above 0.2 in each T cell cluster.
Genomic and transcriptomic analysis
Whole-exome sequencing was conducted on tumour DNA isolated from pre-treatment biopsies and matched germline DNA from peripheral blood samples to assess the mutational landscape. RNA was isolated from pre-treatment and post-treatment tumour samples and was sequenced to evaluate expression of various immune-related and tumour-related gene signatures.
Fresh-frozen tumour samples obtained pre-treatment and post-treatment were used for DNA and RNA isolation. A cryostat was used to cut 10-µm sections intended for isolation and a consecutive 5-µm section used to initially assess tumour percentage. This 5-µm section was H&E stained and a pathologist scored tumour cell percentage and indicated the relevant tumour region. Samples were selected for isolation using a tumour percentage of at least 30%, except for post-treatment samples from tumours with an MPR or pCR. DNA and RNA were isolated simultaneously from 10-µm sections with the AllPrep DNA/RNA/miRNA Universal isolation kit (80224, Qiagen) by using the QIAcube, according to the manufacturer’s protocol. If fresh-frozen material was unavailable or if tumour content was insufficient, FFPE sections were used instead. A pathologist scored tumour percentage and indicated the most tumour-dense region for isolation on an H&E-stained slide. Depending on tumour size, 5–10 10-µm sections were cut and DNA and RNA were isolated simultaneously with the AllPrep DNA/RNA FFPE isolation kit (80234, Qiagen) using the QIAcube, according to the manufacturer’s protocol. Normal germline DNA was obtained from 1 ml peripheral blood and was extracted by using the QIAsymphony DNA Blood 1000 (DNA Midi kit, 96), according to the manufacturer’s protocol.
DNA-seq and analysis
The concentration of double-stranded DNA was quantified in each sample using the Qubit dsDNA HS Assay Kit (Q32851, Invitrogen). Covaris AFA technology was used to fragment a maximum amount of 2 μg double-stranded genomic DNA into fragment sizes of 200–300 bp. Sample purification was carried out using Agencourt AMPure XP Reagent (A63881, Beckman Coulter) in 2× reaction volume settings according to the manufacturer’s instructions. Quantity and quality of fragmented DNA was measured on a BioAnalyzer system using the DNA7500 assay kit (5067-1506, Agilent Technologies). Next-generation sequencing library preparation for Illumina sequencing was conducted with the KAPA HTP Prep Kit (KK8234, KAPA Biosystems) using xGen UDI-UMI Adapters of IDT 10 bp (Integrated DNA Technologies). A four-cycle PCR was performed to amplify libraries to obtain sufficient yield for exome enrichment. Quantification of DNA libraries was done on a BioAnalyzer system using the DNA7500 assay kit. Exome enrichment was conducted on library pools of eight unique dual-indexed libraries (500 ng each) using the xGen Exome Hyb Panel v2 (10005152, Integrated DNA Technologies) and xGen Hybridization Capture Core Reagents following the manufacturer’s instructions in which hybridization time was adjusted to 20 h and 10 cycles of PCR were performed during post-capture PCR. All exome-enriched library pools were quantified on a BioAnalyzer system with the DNA7500 assay kit, pooled equimolar to a 10 nM final concentration, followed by paired-end 100-bp sequencing on either an Illumina HiSeq 2500 using V2 chemistry or an Illumina Novaseq 6000 instrument using a NovaSeq 6000 S4 Reagent Kit v1.5 (20028313, Illumina) and a S2 Reagent kit v1.5 (20028315, Illumina), according to the manufacturer’s protocol.
Whole-exome sequencing data were processed using Sarek (v3.1.2)70, a pipeline that follows GATK best practices and is distributed by NF-core. Samples were aligned to GRCh38 using bwa (v0.7.17), duplicates were marked with MarkDuplicates (GATK pipeline v4.3) and base-quality scores were recalibrated with BaseRecalibrator (GATK pipeline v4.3). Germline and somatic indels and single-nucleotide variants were called with Strelka2 (v2.9.10)71, annotated with snpeff (v5.1) and ensemblvep (v106.1). Only variants with at least 20× depth and 5% variant allele frequency were considered. TMB was calculated as the number of non-synonymous and frameshift variants divided by the target BED coverage size (39 Mb).
For assessing the functional impact of mutations, variants were filtered based on the following criteria: mutations were considered if they had moderate or high impact by snpeff or consensual (likely) pathogenic annotations in ClinVar72, whereas variants with only benign and likely benign annotations were removed. Variants of either uncertain significance, conflicting evidence (for example, pathogenic and benign) or no ClinVar data available were considered if structural predictions were deleterious or damaging, with either SIFT scores below 0.05 or PolyPhen-2 scores above 0.446. Mutated genes were only included on heatmaps and considered functionally affected if they passed these filters. Furthermore, non-synonymous mutations were converted with vcf2maf (v1.6.22) and annotated with OncoKB annotator (v3.4.1) to obtain gain-of-function and loss-of-function OncoKB annotations73. Copy number variation calling, genome integrity scores and whole-genome duplication states were obtained with ASCAT (v3.0)74. ASCAT genome integrity scores measure the fraction of the copy-number profile deviating from a ploidy of 2n or deviating from 4n for whole-genome-duplicated tumours. In addition, the weighted genome integrity index25,26 was used as a surrogate for chromosomal instability with a cut-off of 0.2. This was calculated as the percentage of ASCAT heterozygous sites deviating from the median baseline ploidy by at least 0.6, averaged across the 22 autosomal chromosomes.
Bulk RNA-seq and analysis
The quality and quantity of the total RNA were assessed on the 2100 Bioanalyzer instrument using an Agilent RNA 6000 Nano chip (G2938-90034, Agilent Technologies) following the manufacturer’s instructions. The region method analysis was used according to the manufacturer’s manual (technical-note-470-2014-001, Illumina) to determine the percentage of RNA fragments with more than 200-nt fragment distribution values (DV200).
Strand-specific libraries were generated using the TruSeq RNA Exome Library Prep Kit (Illumina) according to the manufacturer’s instructions (1000000039582v01, Illumina), with the following adaptation: samples that contained intact total RNA were subjected to the optional heat fragmentation step (94 °C for 8 min, 4 °C hold). For the initial 15 pre-treatment and 14 post-treatment samples, the generated complementary DNA (cDNA) fragments were ligated to TruSeq RNA Single Indexes adapters (20020492/20020493, Illumina), and for the remaining samples, IDT xGen UDI(10 bp)-UMI(9 bp) paired-end sequencing adapters (Integrated DNA Technologies) were used. All cDNA fragments were amplified by 15 cycles of PCR. The libraries were validated on a 2100 Bioanalyzer instrument following the manufacturer’s protocol of the Agilent DNA 7500 kit (G2938-90025, Agilent Technologies), followed by a 1–4 plex library pooling containing up to 200 ng of each sample. The pooled cDNA libraries were enriched for target regions using the probe Coding Exome Oligos set (CEX, 45 Mb, Illumina) and 10 cycles of PCR. The libraries were analysed on a 2100 Bioanalyzer instrument following the manufacturer’s protocol of the Agilent DNA 7500 kit (G2938-90025, Agilent Technologies), then diluted to 10 nM and pooled equimolar into multiplex sequencing pools. Libraries of the initial 15 pre-treatment and 14 post-treatment samples were sequenced with 65 base single reads on a HiSeq2500 using V4 chemistry (Illumina) and demultiplexed using bcl2fastq2. For the remaining samples, the libraries were sequenced with 54 cycles for read 1, 19 cycles for read i7, 10 cycles for read i5 and 54 cycles for read 2 on a NovaSeq6000 using a Reagent Kit v1.5 (100 cycles; Illumina). Reads were demultiplexed using bclconvert and duplicates were marked with rumidup (https://github.com/NKI-GCF/rumidup).
FASTQ files were aligned to GRCh38 using Hisat2 (v2.2.1), duplicate and strand-aware counted per gene using gensum (https://github.com/NKI-GCF/gensum), and annotated with Ensembl GRCh38.107. Differential expression was performed with DESeq2 (v1.38.3) and enrichment analysis was performed with enrichR (v3.2) using genes with adjusted P < 0.05. ssGSEA scores for curated signatures (Supplementary Table 2) were calculated using the GSVA (v1.46) package and gene sets consisting of individual genes were compared using log2(reads per million + 1) values instead. Standardized mean differences (Cohen’s d) between response groups were calculated using the pooled standard deviation. Paired treatment effect sizes were calculated as the mean difference between pairs divided by the standard deviation. Pearson’s r correlations were calculated using ggpubr (v0.6.0), and fits and confidence intervals from linear models were visualized with the geom_smooth (v3.4.2). TME subtypes were classified manually based on Z-score heatmaps for Bagaev et al. signatures32. This was aided by using hierarchical clustering and median signature scores, blinded to response groups. CMS assignment was performed with the CMSclassifier random forest using the nearest CMS classification (https://github.com/Sage-Bionetworks/CMSclassifier).
scRNA and TCR sequencing
Fresh tumour biopsies were transferred onto ice in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 2.5% fetal calf serum (FCS; Sigma-Aldrich) and 1% penicillin–streptomycin (pen–strep; Roche). On ice, the samples were placed in petri dishes and dissected by hand into small fragments of approximately 1–2 mm3 in size. These fragments were then suspended in 1 ml of freezing solution consisting of FCS containing 10% dimethyl sulfoxide (Sigma-Aldrich) and stored in liquid nitrogen for long-term preservation.
At the day of sequencing, cryopreserved tumour fragments were rapidly thawed in a 37 °C water bath until only a small ice crystal remained. To eliminate residual dimethyl sulfoxide, the fragments were subsequently washed three times using 7 ml wash medium (Dulbecco’s modified eagle medium supplemented with 10% FCS and 1% pen–strep) using six-well plates and 45-μm cell strainers. After this washing step, fragments were left on ice until all samples were thawed. Subsequently, samples were digested in 2 ml digestion medium consisting of RPMI 1640 supplemented with 1% pen–strep, pulmozyme (12.6 µg ml−1; Roche) and collagenase type IV (1 mg ml−1; Sigma-Aldrich) at 37 °C with continuous rotation for 45 min. Next, samples were washed twice with cold phosphate-buffered saline (PBS) and transferred to 1.5-ml Eppendorf tubes. Next, cells were resuspended in 25 µl of cold Cell Staining Buffer (BioLegend) containing Human TruStain FcX (1:10 dilution; BioLegend) to block Fc receptors. For sample multiplexing, TotalSeq-C anti-human hashtag antibodies (numbers 1–13; final concentration 1 μg ml−1; BioLegend) were added and incubated on ice for 30 min. Subsequently, 25 µl of Cell Staining Buffer containing anti-CD45-PerCP-Cy5.5 (1:50; Invitrogen) and TotalSeq-C-conjugated antibodies targeting PD1 (clone EH12-EH7, 1:1,000), CD39 (clone A1, 1:1,000), CD137 (clone 4B4-1, 1:5,000), CD8 (clone SK1, 1:5,000) and CD4 (clone RPA-T4, 1:2,500) were added. After another 30-min incubation on ice, cells were washed three times using Cell Staining Buffer. The cells were then resuspended in 500 µl MACS buffer (PBS with 0.5% bovine serum albumin (BSA; Sigma) and 2 mM EDTA (Life Technologies)). To normalize cell input across samples, 5 µl aliquots were taken and quantified using AccuCount Blank Particles (13.0–17.9 µm; Spherotech) on a BD LSR Fortessa X-20 Cell Analyzer (BD Biosciences). Dead cells were excluded using propidium iodide (0.5 µg ml−1; Sigma-Aldrich). Samples labelled with hashtag antibodies were then pooled, and live CD45+ immune cells were sorted using a FACSAria Fusion Flow Cytometer (BD Biosciences). Sorted cells were collected in RPMI 1640 medium containing 10% human serum and 1% pen–strep, followed by sequential washes with cold 1% BSA in PBS and 0.04% BSA in PBS. Finally, cells were resuspended in 0.04% BSA in PBS at a target concentration of 800–1,200 cells per microlitre, suitable for downstream scRNA-seq and TCR-seq using the 10X Genomics platform.
Between 10,000 and 20,000 sorted immune cells were loaded per lane on the 10X Chromium platform for scRNA-seq. For each run, cells from 3 to 13 different biopsies were combined. Library preparation for gene expression, TCR and antibody-derived tags was performed following the manufacturer’s protocol using the Chromium Next GEM Single Cell V(D)J Reagent Kits (10X Genomics). 10X 5′ single-cell sequencing was carried out on Illumina NovaSeq 6000 instrument, with target read lengths of 26–28/58–130 bp in RNA and antibody libraries, and 26–28/92–130 bp for TCR libraries. The sequencing depth was optimized to approximately 30,000 paired-end reads per cell for transcriptomic data and 5,000 reads per cell for both antibody and TCR libraries.
scRNA and TCR sequencing data processing
Cell Ranger multi (v7.1.0) was used to generate the gene and feature counts mapping to GRCh38-2020-A as well as the VDJ assembly and clonotype assignment. The reference for the clonotype calling was generated from the IMGT database (LIGM-DB 14.1), using the script provided by 10X Genomics. Single-cell data processing was done using R (v4.2.3), R-studio (Build 513) and the Seurat package (v5.2.1)75. TCR data were analysed and integrated using scRepertoire (v2.3.2)76.
Detected cells were filtered for quality control based on overall median values for genes, counts, mitochondrial (‘^MT-’) and ribosomal protein RNA (‘^RP[SL]’) percentages. Cells passing quality control had the number of genes and counts within the range of 1/5 up to 5 median values, below 5 medians of mitochondrial percentage and above 1/3 of the median ribosomal protein RNA percentage. In addition, cells were filtered for a minimum of 200 genes, 1,000 counts and a maximum of 30% mitochondrial RNA percentage. The hashtag information in the feature counts was used to demultiplex filtered cells using HTODemux, keeping singlet calls and excluding doublets. scRNA-seq data were log normalized using the median library size as a scale factor, the top 2,000 variable features were obtained, and the full dataset was scaled. Principal component analysis was performed using 25 principal components, used for uniform manifold approximation and projection representations. Cells were initially clustered using the FindNeighbours and FindClusters functions at a resolution of 0.5. Broad cell-type annotations were assigned per cluster using knowledge base markers from Spectra77 and Cellmarker78, and also informed by automated scType labels. T and T/natural killer populations, corresponding to the set of non B-lineage lymphocytes, were separated and reclustered at different resolutions. All TCR+ cells were assigned with CD4+ and CD8+ annotations based on normalized antibody counts and CD8A/CD8B expression. TCR− cells were annotated as CD8+ T cells if they contained CD8A/CD8B counts or CD8 antibody expression and CD4+ T cells if they contained CD4 expression or antibody counts. CD8+ T cells, CD4+ T cells and other lymphocytes were separated, reclustered and annotated using knowledge base markers and signature scores, measured using AddModuleScore_UCell (Supplementary Table 2).
External datasets
Analysis of TCGA and AC-ICAM cohorts29 was included for comparisons with external data of pMMR colon cancer. Processed RNA-seq and DNA-seq data were downloaded using cBioportal79. Mutational status for the TCGA cohort was based on analysis from Grasso et al.80. Samples with AJCC pathological stage IV colon cancer or POLE mutations were excluded. For TCGA cohort, genomic and transcriptomic data were available for 287 and 276 patients, respectively. For the AC-ICAM cohort, genomic and transcriptomic data were available for 173 patients with stage I–III pMMR colon cancer.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
DNA-seq and RNA-seq data for the NICHE study have been deposited in the European Genome-Phenome Archive (EGA) under the accession number EGAS50000000856. Data are under controlled access according to consent provided by the patients whose samples are used and according to GDPR. Data will be made available for academic use only upon reasonable request and within the confinements of the informed consent and the European Data Protection Regulation. Requests should include project descriptions, describing the research goal, privacy, governance and intended use of data, and can be done through the EGA (https://ega.nki.nl/), contacting repository@nki.nl. Requests will be reviewed by the institutional review board of the NKI and require signing of a data access agreement with the NKI after approval. The estimated time to response is 4–6 weeks with an expected total turnaround time of 4–6 months including drafting and approval of the data transfer agreement. Clinical data from TCGA Research Network were obtained from the clinical data resource from Liu et al.81. TCGA mutational status for CRC was obtained from analysis by Grasso et al.80, available as supplementary material (https://doi.org/10.1158/2159-8290.CD-17-1327). RNA-seq data are openly available and were obtained from cBioportal (https://www.cbioportal.org), with the accession code coadread_tcga_pan_can_atlas_2018. Data for the AC-ICAM colon cancer cohort are openly available and were downloaded from cBioportal, with the accession code coad_silu_2022.
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Extended data figures and tables
Extended Data Fig. 1 Consort Flow Diagram.
Flowchart of patients screened and randomized in the NICHE study.
Extended Data Fig. 2 Overview of ctDNA dynamics per patient.
a, Baseline ctDNA concentration according to baseline clinical stage. The number and percentage of patients with positive ctDNA is indicated above each box. Boxplots represent the median and interquartile range, whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge. b, For each patient, the colored boxed indicate the post-treatment response (p/cCR: pathological/clinical complete response; MPR: major pathological response; PR: partial response; NR: non-response), baseline stage based on CT scan, whether adjuvant chemotherapy (CTx) was given along with the ctDNA status at baseline, prior to cycle 2, pre-operatively (pre-op), 3 weeks post-operatively (post-op 3 W) and 3 to 6 months post-operatively (post-op 3–6 M). Due to patient 86 not undergoing surgery, no sample was available for the pre-operative time point and samples obtained at 3 and 6 months after the first cycle of immunotherapy were used as post-operative time points.
Extended Data Fig. 3 Genomic and transcriptomic features of TP53mt tumours.
a, Comparison of ASCAT genomic instability scores between tumours with whole-genome duplication (WGD) (n = 16) and without (n = 15). b, Comparison of weighted genome integrity index between responders (n = 8) and non-responders (n = 23). Dashed horizontal line indicates a cut-off of 0.2 as a surrogate measure for chromosomal instability. Distributions were compared with a two-sided Wilcoxon rank-sum test. c, Response rates across TP53, KRAS and KRASG12 mutated groups. Significance was tested using a two-sided Fisher’s exact test. d, Comparison of genomic instability scores between TP53mt (n = 20) and TP53wt tumours (n = 11). e, Proportion of tumours with whole-genome duplication in TP53 groups. f, Volcano plot comparing expression of gene sets for TP53mt (n = 20) and TP53wt (n = 11) NICHE tumours pre-treatment. g,h, Volcano plot comparing expression of gene sets for TP53mt (n = 165) and TP53wt (n = 111) tumours in TCGA (g) and TP53mt (n = 84) and TP53wt (n = 89) tumours in AC-ICAM29 (h). a,b,d, Boxplots represent the median and interquartile range, whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge. f-h, Gene sets are coloured based on distinct TME categories. Distributions were compared with two-sided Wilcoxon rank-sum tests. Adjustment for multiple comparisons was performed to obtain the FDR. The dashed horizontal line indicates a P value of 0.05 and the dotted line indicates an FDR of 0.33. The dashed vertical line indicates null effects.
Extended Data Fig. 4 Pre-treatment associations of proliferation, NK receptor ligands, tumour-infiltrating lymphocyte phenotypes and response.
a, Correlation between NK receptor ligand and proliferation signature (n = 31). Data points are coloured and shaped by TP53 and WGD status. The grey area indicates the 95% confidence interval of the blue regression line. Pearson’s r values and fits are shown. b, Proliferation in TP53mt vs. TP53wt tumours in NICHE, AC-ICAM and TCGA cohorts. c, Percentage of total Ki-67+ cells across cell categories in IMC (n = 30) d, Percentage of Ki-67+ cells in total, cancer and CD8+ cells in IMC for responders (n = 8) and non-responders (n = 22). e, scRNAseq UMAP (n = 23947), coloured by broad celltypes. f, Quantification of immune proportions for responders (n = 3) and non-responders (n = 10). The TNK cluster contains CD8+, NK and innate lymphoid cells. g, Total cells coloured by TCR detection, and proportion of TCR repertoires occupied by the top 20 clones, coloured by log2 frequencies for responders (n = 3) and non-responders (n = 10). h, Enrichment of scRNAseq tumour-reactivity signatures in CD103+ and Ki-67+ CD8+ T cells, i-k, Distribution of (i) CD8 Exhaustion, (j) Oliveira tumour specific and (k) NeoTCR8 signatures in CD8+ T cell clusters. l-m Comparison of γδ T (l) and innate lymphoid cell (ILC) density (m) in IMC for responders (n = 8) and non-responders (n = 22). n, Percentage of ILC positive for CD103 and Ki-67 in IMC for responders (n = 7) and non-responders (n = 21). o, Dotplot of ILC marker expression pooling all cells (n = 80).b,d, l-n Distributions were compared with two-sided Wilcoxon’s rank sum tests. Boxplots represent the median and interquartile range,whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge.
Extended Data Fig. 5 Differential expression of ICB and celecoxib treatment.
a, Paired differential gene expression of matched pre vs. post-treatment samples. Dashed horizontal line indicates an FDR of 0.05 (n = 31). b, Top 20 Reactome pathways enriched in differentially upregulated genes after treatment, based on log2(fold change) > 0 and FDR < 0.05. Bars are coloured by the fraction of the gene set that was differentially upregulated. c, Differential gene expression of post-treatment samples from patients treated with celecoxib (n = 15) or without (n = 16). Dashed horizontal line indicates an FDR of 0.05. Genes are coloured based on expectation of COX-2 inhibition/knockout from literature23. d, Comparison of pre- and post-treatment expression of prostaglandin receptors and COX-2 in patients randomized to receive celecoxib (n = 15) or not (n = 16). Boxplots represent the median and interquartile range, whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge. Distributions were compared with two-sided Wilcoxon’s rank sum tests. Dashed line indicates the median pre-treatment COX-2 expression for high and low expression groups. e, Comparison of paired treatment effect sizes between patients with high baseline COX-2 expression treated with celecoxib (n = 9) or without (n = 6). Solid diagonal line indicates a correlation of 1, dashed lines indicate null effects. Gene sets are coloured based on distinct TME categories.
Extended Data Fig. 6 Association of inflamed-fibrotic state with TGFβ signalling and matrix remodelling.
a, Frequency of consensus molecular subtypes (CMS) in pre-treatment samples for responders (n = 8) and non-responders (n = 23), coloured by TME subtypes. b, Comparison of pre-treatment ssGSEA scores for matrix remodelling in inflamed-fibrotic (n = 16) and non-inflamed fibrotic tumours (n = 15). The green triangles indicate responders and the red dots indicate non-responders. Distributions were compared with a two-sided Wilcoxon’s rank sum test. Boxplots represent the median and interquartile range, whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge. c,d Illustrative IMC regions of interest for (c) a TGFβ high non-responder and (d) a TGFβ low responder sample. 2-3 regions of interest were obtained per patient biopsy in one independent experiment. Nuclei (DNA) are coloured in red, Keratin in blue and TGFβ in green. Scale bar: 100 µM. e-g Comparison of paired treatment effect sizes between inflamed-fibrotic non-responders (n = 14) and non inflamed-fibrotic non-responders (n = 9) (e), responders (n = 8) and inflamed-fibrotic non-responders (n = 14) (f) and responders (n = 8) and non inflamed-fibrotic non-responders (n = 9) (g). Solid diagonal line indicates a correlation of 1, dashed lines indicate null effects. Gene sets are coloured based on distinct TME categories.
Extended Data Fig. 7 Cancer-associated fibroblast (CAFs) and myeloid subtypes.
a,b, Heatmap of cancer-associated fibroblasts (a) and myeloid (b) phenotypes in IMC in pre-treatment biopsies for responders (n = 8) and non-responders (n = 22). Response, baseline clinical staging, and TME classifications are annotated above. c-f Comparison of density of CD39+ CAFs (a), PDPN+ CAFs (b), HLA-DR+ monocytes/macrophages (c) and CD163+ monocytes/macrophages (d) in IMC in pre-treatment biopsies for responders (n = 8) and non-responders (n = 22). c-f Distributions were compared with two-sided Wilcoxon’s rank-sum tests. Boxplots represent the median and interquartile range, whiskers extend from the hinge to the largest value within 1.5 x interquartile range from the hinge.
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Abstract
Breast cancer is the leading cause of cancer-related death in women worldwide1. Here, in the Breast Cancer-Anti-Progestin Prevention Study 1 (BC-APPS1; NCT02408770), we assessed whether progesterone receptor antagonism with ulipristal acetate for 12 weeks reduces surrogate markers of breast cancer risk in 24 premenopausal women. We used multilayered OMICs and live-cell approaches as readouts for molecular features alongside clinical imaging and tissue micromechanics correlates. Ulipristal acetate reduced epithelial proliferation (Ki67) and the proportion, proliferation and colony formation capacity of luminal progenitor cells, the putative cell of origin of aggressive breast cancers2. MRI scans showed reduction in fibroglandular volume with treatment, whereas single-cell RNA sequencing, proteomics, histology and atomic force microscopy identified extracellular matrix remodelling with reduced collagen organization and tissue stiffness. Collagen VI was the most significantly downregulated protein after ulipristal acetate treatment, and we uncovered an unanticipated spatial association between collagen VI and SOX9high luminal progenitor cell localization, establishing a link between collagen organization and luminal progenitor activity. Culture of primary human breast epithelial cells in a stiff environment increased luminal progenitor activity, which was antagonized by anti-progestin therapy, strengthening this mechanistic link. This study offers a template for biologically informed early-phase therapeutic cancer prevention trials and demonstrates the potential for premenopausal breast cancer prevention with progesterone receptor antagonists through stromal remodelling and luminal progenitor suppression.
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Main
Breast cancer is the leading cause of cancer-related mortality in women globally and the most common of any cause of death in UK women aged 35–64 years1 (https://www.ons.gov.uk/). In both mouse and human mammary glands, progesterone-induced proliferation of stem and progenitor cells results in increased branching and ductal complexity3,4. This proliferation is mediated through paracrine signals secreted from progesterone receptor (PR)-positive ‘luminal mature’ cells that act on PR-negative ‘luminal progenitor’ cells, the postulated cell of origin for basal (triple-negative) breast cancer2,4,5,6,7. In premenopausal women, breast epithelial cell proliferation is highest during the progesterone-dominant luteal phase of the menstrual cycle and can be reduced by anti-progestins such as mifepristone8,9. Supplementation of progestin, as a contraceptive or hormone replacement therapy, increases breast cancer incidence10,11,12 and stimulates epithelial proliferation and hyperplasia in preclinical models13. Conversely, inhibiting PR or its downstream pathways in mouse models results in a substantial reduction in mammary carcinogenesis through suppression of mammary luminal progenitor and stem cell activity7,14,15,16,17, with clinical window studies also showing reduced proliferation in normal and cancerous breast tissue9,18,19,20.
One of the challenges of primary prevention studies is identifying clinically relevant surrogate indicators of risk reduction. Mammographic density is one of the strongest risk factors for breast cancer21 and is a reliable clinical measure across a range of methods, including automated volumetric analysis22. Magnetic resonance imaging (MRI) measurements of fibroglandular volume (FGV) correlate well with automated volumetric mammographic density, and FGV is greater in the luteal than in the follicular phase of the menstrual cycle23,24. Mammographic density also declines through menopause and increases in post-menopausal women using progestin-containing hormone replacement therapy25,26. Mammographically dense areas contain increased epithelial and fibroblast cell numbers as well as collagen27,28. Breast stroma has a role in cancer initiation and progression by regulating epithelial cell proliferation29; in rodent models, stromal crosslinked fibrillar collagen increases the incidence of invasive tumour formation30,31. Periductal tissue stiffness positively correlates with increased collagen fibril alignment in human breast tissue with high mammographic density32. The question that we set out to address was how anti-progestin therapy might prevent luminal progenitor cells undergoing oncogenic transformation through both direct effects on the epithelium and indirect effects on the microenvironment structure, composition and stiffness that could potentially be appreciated radiologically.
Here we report findings from the BC-APPS1 study (NCT02408770) that demonstrate the profound effects of 12 weeks of ulipristal acetate (UA) therapy on normal breast composition in 24 premenopausal women at increased risk of breast cancer. We conducted multi-OMICs analyses on paired vacuum-assisted breast biopsy (VAB) tissues, before and after treatment, alongside critical clinical correlates such as mammographic density or FGV. Our comprehensive analyses of the primary tissues at cellular, molecular and functional levels have exposed powerful dependencies of the extracellular matrix (ECM) and breast epithelial progenitor fractions on hormone-dependent stromal triggers. This work demonstrates that critical components of the mammary progenitor cell niche and mammographic density determinants can be altered with anti-progestins. Together, targeting PR signalling may be a valuable strategy in preventing aggressive breast cancers in premenopausal women at increased risk.
Anti-progestin prevention study participants
Between 29 March 2016 and 11 March 2019, 32 women with an increased risk of breast cancer due to their family histories consented to the BC-APPS1 study. Six failed screening owing to inability to time the luteal phase of the menstrual cycle (P4 of less than 15 nmol l−1). Of the 26 eligible participants who received UA therapy, two underwent baseline investigations but subsequently withdrew from the study before the second VAB: one participant owing to anxiety related to a small biopsy-associated haematoma and one participant owing to drug-induced anxiety. Therefore, 26 participants were included in toxicity analyses, and 24 with paired VAB samples were included in molecular analyses of response to UA therapy. Downstream OMICs analyses of VAB samples were applied to selected samples depending primarily on the tissue availability for the technology utilized. Baseline VAB was timed to the luteal phase of the menstrual cycle owing to the profound effect of cycling ovarian hormones on breast biology and epithelial dynamics. The trial schema in Fig. 1a outlines our systematic multi-tiered workflow of OMICs analyses. Participant demographics are presented in detail in Supplementary Table 1. In summary, the 24 participants with paired samples had a median age of 39 years (range of 34–44 years), median BMI of 26 kg m−2 (range of 21–42) and a median remaining lifetime breast cancer risk of 25.5% (range of 17–38.3%; Tyrer Cuzick v7.02). Treatment was generally well tolerated with no grade 3 or 4 adverse events (Supplementary Table 2).
Fig. 1: Anti-progestin treatment reduces luminal progenitor activity.

a, Trial schema of the BC-APPS1 study. A VAB was collected in the luteal phase (baseline), and repeated in the opposite breast after 12 weeks of UA (5 mg daily). AFM, atomic force microscopy; IF, immunofluorescence; IHC, immunohistochemistry; IMC, imaging mass cytometry. The trial schema was created using BioRender (https://biorender.com). b, Percentage of Ki67-positive cells in 24 paired breast tissue samples before (baseline) and after (post-treatment) 3 months of UA therapy. Representative staining is shown. c, Proportion of epithelial area per lobule area before (baseline) and after (post-treatment) 3 months of UA therapy (n = 19 tissue pairs). Examples of lobule epithelial areas (green outlines) are shown. d, Flow cytometry analysis of luminal mature (LM; CD49f−EpCAM+), luminal progenitor (LP; CD49f+EpCAM+), basal (BA; CD49f+EpCAM−/low) and stromal (S; CD49f−EpCAM−) cells. The graph shows the percentage of epithelial populations (LP, LM and BA) in 17 tissue pairs. NS, not significant. e, Percentage of luminal, mixed or basal colonies in 18 breast tissue sample pairs before and after UA therapy. Representative examples of clonogenic assay colonies are shown above. f, MFE data expressed as a percentage for 19 tissue pairs. Horizontal dotted line, 0. A representative example of a mammosphere is shown above. g, Percentage of SOX9 and Ki67 double positive cells in eight tissue pairs quantified by immunofluorescence. The arrow in the representative images above indicates a cell expressing both SOX9 and Ki67. In all plots, boxplot centre lines represent median values and box bounds indicate the 25th and 75th percentiles, with connecting lines between paired data points. P values were calculated with two-sided Wilcoxon matched-pairs signed-rank test (b–g). Scale bars, 50 μm (b,c,e,f) and 10 μm (g).
Anti-progestin treatment reduces luminal progenitor activity
The primary end point of the BC-APPS1 study was epithelial proliferation assessed by Ki67 immunohistochemistry, chosen primarily to power the study statistically, as Ki67 is not a recognized surrogate for breast cancer risk. The study met its primary end point with a significant reduction in proliferation between baseline (8.2%; 95% confidence interval (CI) 5.2–11.2%) and 12-week samples (2.9%; 95% CI 2.1–3.7%; P < 0.0001; Fig. 1b). Mean serum progesterone levels reduced with treatment from 36 nmol l−1 (95% CI 29.4–41.6 nmol l−1) at baseline to less than 3 nmol l−1 (95% CI 0.3–4.6 nmol l−1; P < 0.0001; Extended Data Fig. 1a), effectively abrogating the luteal phase. Both the epithelial area within each lobule (Fig. 1c) and the average area of acinar structures (Extended Data Fig. 1b) were significantly reduced with UA treatment; however, the mean number of acini per lobule did not change (Extended Data Fig. 1c). Next, flow cytometry analysis showed a significant reduction in the luminal progenitor (CD49f+EpCAM+) fraction with treatment from 43% (95% CI 35–52%) to 30% (95% CI 21–39%; P < 0.001), with no significant changes detected in luminal mature (CD49f−EpCAM+) or basal (CD49f+EpCAM−/low) populations (Fig. 1d and Extended Data Fig. 1d). Epithelial colony-forming assays used to enumerate progenitor activity yield three distinct colony phenotypes: myoepithelial/basal, luminal and mixed (where mixed colonies represent bi-lineage differentiation potential)33. Anti-progestin treatment reduced the proportion of mixed colonies from 70% (95% CI 60–80%) to 55% (95% CI 44–67%; P < 0.05; Fig. 1e and Extended Data Fig. 1e). Mammosphere-forming efficiency (MFE), another measure of luminal progenitor activity, was also reduced by UA (baseline 0.29%; 95% CI 0.19–0.39% versus 12 weeks 0.16%; 95% CI 0.04–0.28%; P < 0.01; Fig. 1f). In vitro treatment of baseline cell suspensions with UA and an alternative anti-progestin (onapristone) similarly reduced MFE (Extended Data Fig. 1f,g). SOX9 is a marker of luminal progenitor cells34, and both the overall percentage of SOX9+ (Extended Data Fig. 1h) and proliferating SOX9+ cells (dual staining for SOX9 and Ki67) were reduced with UA treatment (SOX9+Ki67+ at baseline 4.4%; 95% CI 1.6–7.2% versus 12 weeks 1.3%; 95% CI 0.7–1.9%; P < 0.05; Fig. 1g). Overall, these data demonstrate that anti-progestin treatment reduces the proportion, proliferation and activity of luminal progenitor cells in the normal breast tissue of women at increased breast cancer risk. Given that luminal progenitors are the putative cell of origin in basal (triple-negative) breast cancers, abrogation of this breast cancer precursor pool is pertinent for targeted breast cancer prevention.
Luminal mature cells regulate the basal cell/fibroblast matrisome
To evaluate transcriptional changes with treatment, bulk tissue RNA sequencing (RNA-seq) analysis was performed. RNA quality was sub-optimal in at least one sample from each of 14 participants, and data are presented for the paired samples from 10 participants that met quality standards. UA treatment resulted in differential expression of 50 genes (log2[fold change] (log2FC) > 1.5, P < 0.05; Extended Data Fig. 2a), including two established PR target genes (TNFSF11 and CXCL13) that were significantly downregulated with treatment (Extended Data Fig. 2b). Gene Ontology term analysis of the top 50 differentially expressed genes showed that almost half of these genes (23) were associated with the extracellular space (Extended Data Fig. 2a).
To define the molecular changes in diverse breast cell types after anti-progestin treatment, single-cell RNA-seq (scRNA-seq) profiling of six paired samples was performed (Fig. 2a). Single-cell transcriptomes of 115,875 cells were obtained after quality filtering for gene coverage, read counts and mitochondrial reads (see Methods). Uniform manifold approximation and projection (UMAP) analysis of the combined 12 samples revealed seven major cell populations (Fig. 2b). Using previously published gene signatures35, we identified three epithelial (luminal adaptive secretory precursor (LASP), luminal hormone sensing (LHS) and basal-myoepithelial (BMYO)) and four stromal (fibroblasts, endothelial, perivascular and immune) cell types (Fig. 2c). A similar number of cells from baseline (56,014) and post-treatment (59,861) were analysed, and all seven cell populations were present in each of the 12 samples (Supplementary Table 3). Using differential abundance testing, we did not observe any significant changes in cellular abundance following UA treatment across all seven broad cell populations (Fig. 2d). However, when considering only the total epithelial population, we observed a significant reduction in the proportion of LASPs post-treatment (Fig. 2d). This reduction was seen in five of six paired samples analysed, with no consistent trend for LHS and BMYO populations (Extended Data Fig. 3a). Participant samples with both flow cytometry (Fig. 1d) and scRNA-seq data showed a strong correlation (r = 0.762; P = 0.0055) between the percentage of luminal progenitor cells detected by flow cytometry and LASP cells identified by scRNA-seq (Extended Data Fig. 3b), indicating that luminal progenitor and LASP cells are largely the same population. Here we use ‘luminal progenitor/LASP cells’ to refer to luminal progenitor or LASP cells, defined by the specific assays. To explore further granularity within each cell type, we performed Leiden subclustering to match the ‘level 2’ annotations used in the integrated Human Breast Cell Atlas (iHBCA), the largest integrated breast scRNA-seq dataset35. This identified several subclusters within each major cell type in our dataset, consistent across all six paired samples (Extended Data Figs. 4 and 5). iHBCA clusters BMYO2 and LASP4 (ref. 35) were not identified in the BC-APPS1 dataset, and differential abundance testing did not reveal any significant changes in the abundance of individual iHBCA-annotated subclusters following UA treatment (Extended Data Fig. 3c). This included the three LASP subclusters 1, 2 and 3, even when analysis was restricted to epithelial populations, suggesting that LASP subgroup response to UA is variable between individual participants (Extended Data Fig. 3d). Pairwise differential expression analysis for each of the major cell populations in response to UA revealed that the majority of differentially expressed genes were observed in LHS cells (Fig. 2e and Extended Data Fig. 6a), in which pathway analysis showed mainly downregulation of predominantly cell-intrinsic RNA processing pathways (Extended Data Fig. 6b). The known PR target genes TNFSF11 and CXCL13 did not meet stringent cell number and expression thresholds in this analysis (see the section ‘Memento differential expression analysis’ in Methods), but both showed significant per-participant downregulation in LHS cells following UA treatment (Extended Data Fig. 6c). Although other cell types also exhibited significant gene expression changes in response to UA treatment, these were considerably less pronounced than those observed in LHS cells. The list of differentially expressed genes for each of the seven cell populations is provided in Supplementary Table 4, and analyses of the major pathways that are upregulated and downregulated in each population after UA treatment are also included (Extended Data Figs. 6b and 7a). Given that paracrine signalling is known to have a critical role in normal mammary gland development, we next investigated differentially expressed ligands following UA treatment. LHS cells, but also fibroblast and BMYO cells, showed a high number of downregulated ligands (Fig. 2f). The number of upregulated ligands was lower overall, but higher in LHS cells than in the other cell types (Extended Data Fig. 6d). The list of differentially expressed ligands for each of the seven cell populations is provided in Supplementary Table 5.
Fig. 2: Transcriptome network analyses reveal that luminal mature cells orchestrate the matrisome landscape of basal and fibroblast cells.

a, Workflow for paired biopsy single-cell transcriptomics from six participants at baseline and 12 weeks after UA treatment. The workflow was created using BioRender (https://biorender.com). b, UMAP of breast tissue cells annotated by broad cell type. n = 115,875 cells. c, Dot plot of broad cell-type marker genes. The columns correspond to key markers (normalized per gene) with brackets detailing the cell type, and the rows correspond to the cell population identified in the dataset. d, Proportionality fold change (post-treatment to baseline) across broad cell types (left) and restricted to epithelial cells (right). Positive or negative changes denote enrichment or depletion post-treatment, respectively. Boxplot centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the extreme datapoint within 1.5 times the interquartile range (IQR) of the boxplot hinges. Significance was calculated with a two-sided Student’s t-test adjusted P value for multiple comparisons using Benjamini–Hochberg correction. n = 6 tissue pairs. e, UpSet plot depicting downregulated genes (less than −0.25 logFC, P < 0.05, Memento analysis) post-treatment across broad cell types. The intersection size indicates the number of genes uniquely regulated within a single cell type or shared across multiple cell types. f, UpSet plot depicting downregulated genes that encode proteins that act as ligands (less than –0.25 logFC, P < 0.05, Memento analysis) post-treatment across broad cell types. g, CellChat analysis of incoming–outgoing interaction strength between broad cell types at baseline. The node size represents the number of interactions in each cell type. h,i, Differential L–R pathway signalling changes (post-treatment to baseline) across broad cell types (h) or within basal (BMYO1) and fibroblast (FB1–3) cell states (i). Negative values represent a decrease in L–R signalling post-treatment. j, Chord diagram of pairwise downregulated collagen gene signalling post-treatment (less than –0.25 logFC, P < 0.05) from basal and fibroblast cell states (sender cells) to all breast cell states (receiver cells with 5% or more receptor expression), highlighting the epithelial populations in light blue.
To investigate how UA treatment affects cell communication networks across broad and granular cell states, Cell Chat36 was used to model potential ligand–receptor (L–R) interactions between cell populations. After normalizing cell numbers to infer ‘per cell’ L–R interaction signalling strengths (ISSs) at baseline, BMYO and fibroblast populations had far greater incoming and outgoing ISSs than LASP or LHS populations (Fig. 2g). Annotating L–R pairs by established pathways revealed outgoing collagen ISS to be most markedly affected in BMYO and FB cells post-treatment, suggesting that UA therapy diminishes their role as sources of collagen signals, with a reduction in collagen incoming ISS seen in all seven cell states (Fig. 2h). To further corroborate these findings, gene set enrichment analysis of pairwise differentially expressed genes in BMYO and fibroblast cells demonstrated robust overrepresentation of ECM-related terms including ‘ECM organization’, ‘degradation of the ECM’, ‘collagen degradation’ and ‘assembly of collagen fibrils’ (Extended Data Fig. 7a). When we restricted the analysis of pairwise differentially expressed genes to the ‘Reactome ECM organization’ gene set, fibroblast and BMYO cells exhibited a higher number of downregulated ECM genes than other cell populations, including many genes encoding collagen proteins (Extended Data Fig. 7b and Supplementary Table 6). By contrast, LHS cells displayed a greater number of upregulated ECM regulatory genes, with 4 out of the 13 genes encoding matrix metalloproteinases (MMP1, MMP3, MMP10 and MMP12), which are known to have key roles in ECM degradation (Extended Data Fig. 8a,b). The complete list of ECM-related differentially expressed genes, both downregulated and upregulated, across the seven cell populations is provided in Supplementary Table 6. These results point to the ECM as a prime target downstream of UA treatment.
To determine whether specific subpopulations of fibroblast cells are driving reduced collagen signalling post-UA treatment, we assessed L–R networks within each cell subcluster. BMYO1 and fibroblast 1 (FB1) cells were confirmed as the primary sender subclusters exhibiting the most pronounced reduction in collagen signalling compared with FB2 and FB3 cell states (Fig. 2i). Analysis of collagen gene expression across all cell subclusters revealed that genes encoding collagen I, collagen IV and collagen VI are the most abundantly expressed in the human breast, with FB1–3 cells being primary producers of collagen I (COL1A1 and COL1A2) and collagen VI (COL6A1, COL6A2 and COL6A3), whereas BMYO1 cells primarily express collagen IV (COL4A1 and COL4A2) and collagen VI (COL6A1 and COL6A2; Extended Data Fig. 8c). As the most profound changes were in BMYO1 and FB1 cells, we examined the inferred differential collagen L–R interactions between these cells and all other subclusters. Collagen gene expression was downregulated after UA treatment in FB1 (specifically COL1A1, COL1A2, COL4A1, COL4A2, COL6A1, COL6A3 and COL6A6), FB2 (specifically COL1A1, COL1A2, COL4A1, COL4A2 and COL6A1), FB3 (COL6A3) and BMYO1 cells (specifically COL4A1, COL4A2 and COL6A1; Extended Data Figs. 9 and 10d). This reduction in collagen expression potentially affects autocrine and paracrine interactions of numerous cell types given the collagen receptor expression across subclusters, most notably in the epithelial subclusters (Fig. 2j). A list of the collagen L–R interactions shown in Fig. 2j, along with the percentage of cells within each target population expressing collagen receptors, is provided in Supplementary Table 7. We then interrogated whether the observed collagen gene expression changes in FB1 and BMYO1 cells could be mediated by ligands secreted from LHS cells, the PR-expressing targets of UA treatment. We used NicheNet analysis37 to investigate ligands predicted to be secreted by LHS cells (sender cell) that influence the expression of collagen target genes across FB1–3 and BMYO1 (receiver cell). Among the downregulated collagen genes, only COL1A2 and COL6A3 could be linked to LHS ligands. Downregulation of WNT5A and RARRES1 in LHS cells were ligands predicted to regulate COL6A3 expression in FB1 and FB3 cells, whereas APOD was predicted to regulate COL1A2, specifically in FB1 cells. No LHS ligands could be associated with regulation of collagen IV or other differentially expressed collagens in BMYO1 or FB2 cells, suggesting that FB1 and FB3 expression of COL1A2 and COL6A3 are key targets of UA-driven alterations in LHS paracrine signalling (Extended Data Fig. 10a,b). WNT5A is expressed at higher levels in the LHS1 subcluster but was significantly downregulated in both LHS1 and LHS2 after UA treatment, whereas COL6A3 was similarly expressed across FB1 and FB3 subclusters and was significantly downregulated in both post-treatment (Extended Data Fig. 10c,d). Fibroblasts (FB1–3) express nine receptors for WNT5A, which could mediate WNT5A-dependent regulation of COL6A3 (Extended Data Fig. 10e).
Thus, beyond the known paracrine PR signals from luminal mature or LHS cells to luminal progenitor/LASP cells4,7, we identified LHS-secreted progesterone ligands that are prime candidates for downregulation of key collagen genes in human fibroblasts and basal cells, potentially shaping the matrisome landscape. Consistent with this, steroid hormones have recently been shown to stimulate ECM-remodelling fibroblasts, probably increasing mammary gland stiffness in mice38. Altogether, we identified striking cell–cell communication network alterations with major changes in fibroblast and basal cell matrisome components, probably mediated by a reduction in LHS-secreted ligands in response to 12 weeks of anti-progestin treatment in women at increased risk of breast cancer.
Anti-progestin treatment remodels the breast matrix
To investigate the effects of UA therapy on breast tissue in proximity to luminal mature cells, we undertook laser capture microdissection (LCM) of breast lobules and peri-lobular stroma of four paired BC-APPS1 samples (Fig. 3a). Proteomic analysis of the tissue revealed the detection of 8,197 unique peptides corresponding to 1,519 proteins. Among these 1,519 proteins, 1,454 (96%) were consistently detected before and after treatment (data not shown) with 1,373 (90%) identified in all four participants (Fig. 3b). We identified 65 proteins regulated by UA treatment with q < 0.05 (Fig. 3c). Collagen α2 (VI) chain (COL6A2) and collagen α3 (VI) chain (COL6A3) were the most significantly downregulated proteins after treatment, whereas several histones (for example, histone H4 (HIST1H4A)) were the most significantly upregulated proteins. Gene set enrichment analysis using Reactome Pathway annotations revealed many pathways related to ECM and collagen (for example, ‘ECM organization’, ‘ECM proteoglycans’, ‘collagen formation’ and ‘assembly of collagen fibrils’) that were downregulated with UA treatment (Fig. 3d), in line with scRNA-seq data. Of the 65 proteins that were differentially abundant after treatment (Extended Data Fig. 11a), 27 (41.5%) were ‘matrisome’ proteins, comprising thirteen collagens, seven glycoproteins, three proteoglycans, three ECM regulators and one secreted factor (Fig. 3e), consistent with extensive remodelling of the ECM.
Fig. 3: Anti-progestin treatment remodels the breast matrix.

a, Lobular epithelium and peri-lobular stroma (within 25 μm of the observable edge of the epithelium) were laser capture microdissected from haematoxylin and eosin-stained paired tissue sections before (baseline) and after (post-treatment) UA treatment. A representative example of undissected tissue (left) and tissue after laser ablation (right) is shown. n = 4 tissue pairs. Scale bar, 100 μm. b, Venn diagram representing the distribution of the total proteins detected (1,519) in the four participants (P06, P12, P17 and P31) used for LCM proteomics. c, Volcano plot shows differential protein abundance analysis following UA treatment. Matrisome (structural ECM or ECM-modifying) proteins among the significantly altered proteins are colour coded according to their respective subcategories. d, Gene set enrichment analysis of LCM proteomics data using the Reactome Pathways reference set, showing pathways significantly altered by UA treatment. e, Heatmap of the 27 matrisome proteins identified as significantly differentially abundant after UA treatment. ECM proteins are grouped by their structural and functional properties. f, Imaging mass cytometry was performed on paired tissue sections before (baseline) and after (post-treatment) UA treatment. Representative images show staining with metal-conjugated antibodies to E-cadherin, SOX9 and collagen VI. Nuclei were visualized using a metal-tagged DNA intercalator. The yellow boxes indicate regions corresponding to the zoomed-in inserts. n = 8 tissue pairs. Scale bars, 100 µm and 10 µm (insets). g, Single-cell neighbourhood analysis of pericellular collagen VI abundance in SOX9high and SOX9low cell populations across paired BC-APPS1 samples at baseline (B) and post-treatment (PT) timepoints. Tissue images were segmented into single-cell objects, and cells were classified based on expression of specific markers. Analysis was performed on E-cadherin+ cells classified as either SOX9high or SOX9low. For each selected cell, collagen VI staining intensity was quantified within a 10-µm radius. Scale bar, 100 µm. Boxplot centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers denote minimum and maximum values. Statistical analysis was performed using a repeated measure one-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test. n = 8 tissue pairs.
To examine the spatial location of luminal progenitor cells in relation to these specific stromal components and their perturbation in response to UA, Hyperion imaging mass cytometry was performed. Metal-conjugated antibodies for collagen I, collagen VI and fibronectin (FN1) were used in combination with markers of epithelial (E-cadherin) and luminal progenitor/LASP cells (SOX9), as well as Ki67. Eight paired BC-APPS1 samples with plentiful lobules were selected. Initial analysis confirmed decreased expression of collagen I, collagen VI and FN1 (Extended Data Fig. 11b) with UA treatment as previously observed by LCM proteomics (Fig. 3e). Single-cell neighbourhood analysis of SOX9high and SOX9low cells at baseline identified the SOX9high cells to be in close proximity to regions of high collagen VI and FN1 but not collagen I expression compared with SOX9low cells, a finding that persisted following UA treatment (Fig. 3f,g and Extended Data Fig. 11c). In both baseline and post-treatment conditions, Ki67+ cells were significantly more prevalent in the SOX9high than SOX9low populations, confirming their higher proliferative activity, although UA treatment reduced proliferation in both populations (Extended Data Fig. 11d). The widespread staining pattern of collagen VI (a non-fibrillar collagen) is consistent with its expression in both stromal and epithelial cells (Extended Data Fig. 8c). These data identify stromal remodelling as an early event in breast tissue perturbed by anti-progestin treatment, although the persistent spatial association of SOX9high cells with collagen VI and FN1 after treatment suggests some continued colocalization despite short-term UA therapy (Extended Data Fig. 11c).
Anti-progestins reduce stiffness-driven luminal progenitor activity
Increased elastic force (stiffness) between cells expressing oncogenes and their surrounding ECM have been shown to induce signals that promote epithelial transformation39,40. Increased matrix stiffness also enhances the enrichment of cancer stem cells and the induction of chemoresistance in patients with breast cancer41. Given the robust downregulation of multiple collagens post-treatment (Figs. 2 and 3), we next investigated the effects of a stiff microenvironment on breast tissue. Organoids (3D microstructures) from six women at higher risk of breast cancer were grown for 1 week in collagen-mimetic hydrogels with ‘soft’ (600–900 Pa) or ‘stiff’ (1,800–3,000 Pa) conditions (Supplementary Table 8). Expression of the PR target gene TNFSF11 and luminal progenitor markers SOX9 and KIT were increased in stiff hydrogels, which was confirmed at the protein level for SOX9 and KIT expression, and accompanied by increased MFE after extraction and dissociation of the cells (Fig. 4a–c). Anti-progestin treatment of breast microstructures using UA or onapristone blocked stiffness-induced increases in SOX9 and KIT, as well as MFE; however, onapristone did not reduce MFE under soft conditions (Fig. 4b,c and Extended Data Fig. 12a,b; for gel source data, see Supplementary Fig. 1). Overall, these results establish that anti-progestin treatment attenuates stiffness-induced upregulation of progesterone signalling and progenitor cell activity, and also reduces the basal level of PR activity seen in softer gels in this in vitro system.
Fig. 4: Tissue stiffness-amplified progesterone response and luminal progenitor activity are inhibited by anti-progestins.

a, Real-time PCR gene expression of TNFSF11, KIT and SOX9 in breast tissue microstructures from women at increased cancer risk, cultured in ‘soft’ and ‘stiff’ hydrogels. Data are shown as mean fold change ± s.d., with individual points. n = 6 breast samples. b, KIT and SOX9 protein in breast microstructures (sample 1989N) cultured in soft (S) and stiff (ST) hydrogels, treated with UA (2 nM) or onapristone (ON; 100 nM). Densitometry normalized to β-actin is shown above the bands. n = 3 breast samples. c, MFE after culture in soft and stiff hydrogels with UA (2 nM) or ON (100 nM). Data are shown as mean fold change ± s.d., with individual points. n = 6 breast samples. d, Collagen coherency was assessed in peri-lobular regions (three lobules per sample) with representative PSR-stained sections shown at baseline and post-treatment. The ellipse indicates fibre alignment: examples of aligned (baseline) and non-aligned (post-treatment) collagen are shown in the insets. The graph shows mean collagen coherency for n = 22 paired samples. Scale bars, 100 μm. e, Reduced modulus of peri-lobular regions at baseline (B) and post-treatment (PT) measured by AFM indentation. At least three 100 μm2 regions per sample were measured as shown in the representative images. n = 4 tissue pairs. Scale bars, 100 μm. f, MRI annotation in ITK-snap: black denotes the background, opaque red indicates fatty tissue, and bright red shows the fibroglandular tissue. The FGV percentage was calculated by dividing the number of fibroglandular pixels by the total number of fibroglandular and fat pixels across slices. n = 12 paired MRI scans. Scale bars, 1 cm. g, Percentage of Ki67+ cells before treatment and post-treatment stratified by mammographic density. Participants were grouped using Volpara density grades to approximate BI-RADS categories (A/B denotes low MD, n = 6 tissue pairs; C/D indicates high MD, n = 17 tissue pairs). h, Heatmap of whole-tissue RNA-seq showing the differentially expressed genes between high MD (BI-RADS C/D; dark grey) and low MD (BI-RADS A/B; light grey) breast tissue at baseline (n = 9; FC > 3, P < 0.05). VST, variance-stabilizing transformation. i, Illustration shows that progesterone paracrine signalling regulates luminal progenitor/LASP (SOX9+) cells and fibroblasts, driving ECM remodelling and stiffness. Stiffness amplifies PR signalling, establishing a feedback loop. Anti-progestins disrupt this by inhibiting luminal cell-derived ligands (for example, WNT5A), lowering fibroblast collagen (for example, COL6A3), decreasing stiffness and reducing luminal progenitor/LASP cells. Boxplot centre lines represent median values and box bounds indicate the 25th and 75th percentiles (d–g), with connecting lines between paired data points (d,f,g) or whiskers denoting minimum and maximum values (e). P values were calculated with two-sided Wilcoxon matched-pairs test (a,c,d,f,g) or two-sided Student’s t-test (e).
The structure and biomechanical properties of the ECM were next examined in the BC-APPS1 samples. Collagen coherency measurements on picrosirius red (PSR)-stained peri-lobular regions from 22 participants showed a significant decrease in collagen fibre alignment with UA treatment (Fig. 4d). Atomic force microscopy of four paired samples that had at least 10% reduction in collagen organization by PSR showed a consistent decrease in tissue stiffness, with three reaching statistical significance (Fig. 4e). We next investigated the available paired MRI data from 12 participants, revealing a significant reduction in FGV (a surrogate for mammographic density) with 3 months of UA treatment (Fig. 4f).
Recently, it has been established, using mouse models of elevated stiffness, that a stiff ECM increases luminal progenitor and stem cell frequency and tumour initiation by enhancing PR activation42. This study also reported an elevated number of luminal progenitor cells in women with high mammographic density, potentially providing mechanistic insights into the known positive association of breast cancer risk and mammographic density. In our study, we did not find significant correlations between baseline percentage of volumetric breast density (%VBD) as a continuous variable and baseline or fold change in any variable examined with UA treatment (data not shown). However, categorization of %VBD into Volpara density grades (1–4) to approximate Breast Imaging-Reporting and Data System (BI-RADS) 4th edition categories (A–D) demonstrated statistically significant reduction in %Ki67 in those with high but not low mammographic density (BIRADS C/D versus A/B; Fig. 4g). A similar pattern was observed in luminal progenitor/LASP cell frequency by flow cytometry, MFE and SOX9+ cell percentages (data not shown). In the RNA-seq dataset, gene expression was compared between participants similarly classified with high and low mammographic density. Five genes were strongly upregulated (P < 0.05; FC > 3) in women with high mammographic density: TNFSF11, CXCL13, CUX2, TPSD1 and ALOX15B (Fig. 4h and Extended Data Fig. 12c). Increased TNFSF11 and CXCL13 gene expression, indicating PR signalling activation, correlated with VBD (Extended Data Fig. 12d). These results support the concept that women with high mammographic density and thus tissue stiffness-driven PR activity may derive greater benefit from anti-progestin therapy that remodels the mammary stroma and reduces the number of cancer-precursor luminal progenitor/LASP cells (Fig. 4i).
Discussion
Here we have provided evidence that inhibiting progesterone signalling alters hallmarks of breast cancer risk. Progesterone contributes to breast cancer development through paracrine effects on the luminal progenitor/LASP cell fraction, the likely target of oncogenic transformation. Our BC-APPS1 trial demonstrates the short-term safety and efficacy of anti-progestin treatment in women at increased breast cancer risk. UA reduced FGV and epithelial cell density, lowering the proportion, proliferation and activity of the luminal progenitor/LASP population. Our work highlights the potential of FGV on MRI, and possibly mammographic density, as early biomarkers of anti-progestin response and suggests that women with high mammographic density are more likely to benefit from the reduction in luminal progenitor/LASP cell activity.
Mechanistically, PR antagonism remodels the ECM, reducing collagen organization and tissue stiffness, highlighting the importance of stromal–epithelial interactions in both luminal progenitor/LASP cell maintenance and breast density. We showed that the response to PR antagonism is related to baseline mammographic density, which has previously been linked to collagen abundance and organization32. Among ECM-related proteins, collagen VI was one of the most downregulated, linking epithelial cells with the ECM, including biophysical connectivity with collagen types I and IV and perlecan43,44. Alongside UA-induced effects in collagen, we uncovered a striking spatial association between collagen VI and SOX9high luminal progenitor/LASP cells. Several luminal progenitor and stem cell markers (for example, CD49f (also known as integrin α6)) function as ECM receptors45, underscoring the importance of stromal remodelling for luminal progenitor/LASP cellular dynamics.
Progestins are well known to contribute to both the cyclical expansion of the luminal progenitor/LASP cell pool and the development of human breast cancer11,46. As luminal progenitor/LASP cells have previously been shown to be more susceptible to DNA damage, treatment with anti-progestins is likely to counteract the mutational burden resulting from recurrent progesterone stimulation of the breast epithelium47. We and others have shown that UA and mifepristone treatments decrease epithelial proliferation and DNA methylation signatures of luminal progenitor cells and mitotic age20,48. Previous studies have established paracrine PR signalling via RANKL (TNFSF11) from the luminal mature cells to luminal progenitor cells, promoting their proliferation4,6,7. We revealed the broader impact of paracrine signalling in mediating the effects of progesterone on human breast tissue composition, showing that UA-induced changes in secreted ligands from luminal mature cells downregulated ECM genes in fibroblast and basal cell compartments. The response to UA did not show any correlation with age, breast cancer risk, parity or BMI. Importantly, controlling for menstrual cycle phase in BC-APPS1 overcame some of the hormonal complexity of human breast physiology, uncovering preventive vulnerabilities.
In summary, we have identified progesterone signalling as a key regulator of breast cancer-precursor luminal progenitor/LASP cells and established a complex interplay between anti-progestin treatment, ECM remodelling and luminal progenitor/LASP cell dynamics. Comparable in vitro effects with two anti-progestins, plus pre-existing clinical data on other PR antagonists9,18, suggest that these may be class effects of PR antagonism. Longer-term studies are required to evaluate safety, particularly hepatotoxicity and effects on other hormone-sensitive tissues such as the endometrium, and to formally test whether PR antagonism reverses mammographic density-associated breast cancer risk. Mammographic density reporting is now mandated in all US states, albeit without recommendations on methods to reduce it. Our therapeutic cancer prevention trial in premenopausal women demonstrates the potential for PR antagonism to reduce mammographic density, tissue stiffness and luminal progenitor activity, which are important hallmarks of breast cancer risk.
Methods
The BC-APPS1 study
The BC-APPS1 was a single-arm, single-centre phase II study registered under the name ‘a pilot prevention study of the effects of the anti-progestin ulipristal acetate (UA) on surrogate markers of breast cancer risk’ (EudraCT registration number: 2015-001587-19; registration date: 15 July 2015; Greater Manchester-South, Research Ethics Committee number 15/NW/0478). Eligible women were premenopausal, 25–45 years of age with regular menses and a residual lifetime breast cancer risk of at least 17% (≥1:6) assessed by the Tyrer–Cuzick risk estimation programme (v7.02; https://ems-trials.org/riskevaluator/). All women were recruited from the Family History Risk and Prevention Clinic at the Nightingale Centre, Wythenshawe Hospital, Manchester, UK. Complete eligibility criteria are provided in the protocol (Supplementary Appendix 1). Following informed consent and screening, participants underwent blood testing to confirm serum progesterone levels consistent with the luteal phase of the menstrual cycle (15 nmol l−1 or more; Abbott Architect Immunoassay) and then underwent a contrast-enhanced MRI scan of both breasts (Philips Achieva 1.5 T MRI). A baseline VAB was then performed by a consultant radiologist under ultrasound guidance to identify areas of fibroglandular breast tissue. On the onset of menstruation, participants commenced 5 mg oral tablets of commercially available UA, taken once daily for a duration of 12 weeks. During the final week, blood was drawn for progesterone levels, MRI of both breasts was repeated and VAB of the contralateral breast was performed. For each VAB, 10 cores were taken with a 10-G biopsy needle (cores were divided and fixed in formalin for paraffin embedding, snap frozen for RNA extraction and placed in tissue culture medium for subsequent digestion to single-cell suspensions). The primary end point was the change in epithelial cell proliferation measured by the percentage of Ki67 staining before and after treatment. Secondary end points were (1) percentage of luminal, basal and mixed colonies by morphological analysis of the adherent feeder layer assay; (2) percentage of luminal progenitor cells (EPCAM+CD49f+) by flow cytometry analysis; (3) tissue stiffness assessed as the reduced indentation modulus by atomic force microscopy; (4) mean tissue section percentage fibrillar collagen assessed by PSR staining and polarized light microscopy; (5) background parenchymal enhancement assessed by MRI; (6) the side effect profile of UA assessed by CTCAE (v4.03); and (7) the relative change in Ki67 with UA treatment between those with and without known mutation in BRCA1/2 genes. Exploratory end points are included in the attached protocol and the methods described below. All participants had blood drawn for complete blood count, renal function and liver function tests at baseline and 3 months. Treatment with UA was suspended by the EMA/MHRA in February 2018 due to concerns of liver damage by UA. On reopening of the study after the suspension was lifted, the protocol was amended to include measurement of liver function tests every 4 weeks during treatment and a final check 4 weeks after the end of treatment. Toxicity assessment was undertaken every 4 weeks using CTCAE (v4.03).
Other human breast tissue procurement
Normal breast tissue samples were collected from women at moderate or high risk undergoing surgical risk-reducing mastectomy at the Manchester University NHS Foundation Trust through the Manchester Cancer Research Centre Biobank. Fully informed consent from all patients was obtained in accordance with local National Research Ethics Service Guidelines, and the collection of demographic and clinical data was granted under the MCRC Biobank Research Tissue Bank Ethics (NHS NW Research Ethics Committee 18/NW/0092).
Frozen primary human female breast tissue was additionally sourced from the Breast Cancer Now Tissue Bank (REC 15/EE/0192), with all procedures conducted in compliance with applicable ethical regulations.
Breast tissue processing
Normal breast tissue obtained via VAB (mean tissue weight of 1.22 g; 95% CI 1.06–1.37) was manually minced with a scalpel into small fragments (approximately 2 mm3 pieces) and incubated in dissociation medium: phenol red-free DMEM/F12 with HEPES (Gibco) supplemented with 25% BSA Fraction V solution (Gibco), 1 mg ml−1 collagenase/hyaluronidase (Stem Cell Technologies) and 5 μg ml−1 insulin (Sigma). After overnight digestion at 37 °C with shaking at 100 rpm, the dissociated breast cell suspension was centrifuged at 450g for 5 min at 4 °C. The fat layer was discarded and the epithelial pellet was resuspended in DMEM/F12 medium and centrifuged again. This wash step was repeated until the supernatant became clear. Then, 1 ml of pre-warmed 0.05% trypsin-EDTA was added to the enriched epithelial pellet, pipetting it up and down gently with a P1000 pipette for 2–3 min. Next, 10 ml of cold Hank’s balanced salt solution (HBSS; Gibco) supplemented with 10 mM HEPES (Gibco) and 2% FBS (Gibco) was added and the cells were centrifuged at 450g for 5 min at 4 °C. After removing the supernatant, 1 ml of pre-warmed 5 mg ml−1 dispase (StemCell Technologies) was added to the sample and pipetted for 1 min to further dissociate cell clumps. Cells were resuspended in HBSS–HEPES–FBS solution, centrifuged and supernatant was discarded. The HBSS–HEPES–FBS solution was then added and cells were sieved using 100-μm and 40-μm filters to yield a single-cell suspension. Cells were counted using a Fuchs Rosenthal haemocytometer (mean cell yield of 1.39 million; 95% CI 0.99–1.79) and plated for experiments. Remaining cells were frozen using Bambanker freezing media (Lymphotec Inc.) until further analysis (for example, flow cytometry and scRNA-seq).
Normal breast tissue obtained via risk-reducing mastectomy was cut into 2–3 mm3 pieces and digested overnight at 37 °C with collagenase IA (C2674, Sigma) and hyaluronidase (H3506, Sigma), both to a final concentration of 1 mg ml−1, in phenol red-free DMEM/F-12 medium (Gibco). Following enzyme digestion, the breast tissue was washed three times with medium by centrifuging at 400g for 10 min and discarding the supernatant. The pellet was resuspended in medium and left to sediment three times for 25 min at 4 °C on a flat surface. The collected breast organoids or microstructures from each tissue preparation were frozen in Bambanker freezing medium until experimental use.
Measurement of progesterone (P4) levels
Serum progesterone levels were determined at baseline and after 3 months of anti-progestin treatment. Serum progesterone concentrations were measured by an NHS-accredited laboratory using the Abbott Architect immunoassay (Abbott Laboratories).
Ki67 staining
Immunohistochemistry was performed using an automated Ventana medical system (BenchMark Ultra) using the UltraVIEW universal DAB detection kit (760–500, Roche). Slides were de-paraffinized under standardized conditions, blocked by endogenous biotin blocking kit (Ventana) and incubated for 32 min with Confirm Anti-Ki67 (30-9) antibody (Ventana 790–4286, Roche). Sections were counterstained with haematoxylin II and bluing reagent (Ventana 760–2021 and 760–2037), dehydrated and coverslipped. Slides were scanned using a Leica SCN400 slide scanner and visualized using Aperio ImageScope Digital Pathology Slide viewer (Leica Biosystems). A breast pathologist (S.P.) confirmed the percentage of Ki-67-positive epithelial cells by assessing a minimum of 1,000 epithelial cells per sample. Ki67 quantification was independently performed by a researcher fully blinded to participant number and timepoint using the HALO software, with Cohen’s kappa score (0.62) confirming substantial agreement between the two assessments.
Tissue morphometry
To investigate morphological alterations in normal breast tissues, haematoxylin and eosin (H&E) stained sections were scanned using a Leica SCN400 slide scanner. Digital images were visualized using Aperio ImageScope Digital Pathology Slide viewer (Leica Biosystems) and the lobules and acini tissue compartments were manually annotated. The area of each lobule as well as the area of each acinus within the lobule was measured to calculate the ratio of acinar-to-lobular area. This analysis was performed blind to participant number and timepoint. The average acinar-to-lobular ratio of at least three lobules was calculated at the baseline and post-treatment for each participant.
Flow cytometry analysis
Single-cell suspensions of digested breast tissue were incubated with primary antibodies for 10 min on ice according to the manufacturer’s guidance. For endothelial and haematopoietic lineage depletion, CD31 (13-0319-82, eBioscience) and CD45 (304004, BioLegend) biotin-conjugated antibodies were used, followed by incubation with the secondary APC–Cy7 streptavidin-conjugated antibody (405208, BioLegend). To identify epithelial subpopulations, CD49f–APC (313616, BioLegend) and EPCAM–FITC (10109, StemCell Technologies) antibodies were used. Following each incubation, cells were washed with PBS, and at the end, they were resuspended with flow cytometry buffer containing HBSS (14025, Gibco), 10 mM HEPES (15630-056, Gibco), 2% FBS (Gibco) and 2 mM EDTA (Sigma). DAPI (422801, BioLegend) was added for dead cell exclusion. Data were acquired on a LSR II (BD) flow cytometer and analysed using the BD FACSDiva software.
Mammosphere colony assay
Breast epithelial cells were plated in six-well plates treated with poly(2-hydroxyethylmethacrylate) (poly-HEMA; Sigma) at a density of 1,000 cells per cm2 following the protocol previously described49. Cells were grown in phenol red-free DMEM/F-12 medium with l-glutamine (Gibco), supplemented with B27 (Gibco) and 20 ng ml−1 EGF (Sigma) at 37 °C in 5% CO2. When indicated, cells were treated directly in the mammosphere medium with onapristone (100 nM; supplied by Astrazeneca) or UA (2 nM; Selleckchem). MFE was determined in six different wells per sample on days 10–12 and calculated by dividing the number of mammospheres formed (diameter of 50 μm or more) by the original number of single cells seeded.
2D human mammary colony-forming assay
Single epithelial cells were cultured in adherence in Human EpiCult-B media (StemCell Technologies) supplemented with 5% FBS (Gibco), 0.48 μg ml−1 hydrocortisone (Sigma) and 2 mM l-glutamine (Gibco). For each participant, sample, cells were plated at 400 cells per cm2 in 60-mm culture dishes. Irradiated NIH 3T3 feeder cells (50,000 cells per ml; 50 Gy) were added to each plate. Three separate culture dishes per condition were plated and incubated at 37 °C in 5% CO2 for 10–12 days. Cells were fixed with acetone:methanol (1:1), air dried, rinsed with distilled water and stained with Giemsa (Sigma) for 2–3 min. Colonies were defined as discrete clusters of 50 or more cells and classified according to established morphological criteria. All three colony types could be observed on the same plate: luminal colonies appeared as tightly packed, cobblestone-like clusters with smooth, well-defined edges; myoepithelial colonies consisted of dispersed, teardrop-shaped, spindle-like cells with visible gaps between them; and mixed colonies displayed features of both, with irregular, non-uniform edges33.
Immunofluorescence staining
Four-micrometre-thick formalin-fixed, paraffin-embedded (FFPE) sections of breast tissue were mounted onto Superfrost Plus microscope slides (9951APLUS, Thermo Fisher) and dried in a 60 °C oven for 1 h. Slides were placed in a Leica-Bond-RX Immuno-stainer and stained using BOND Research Detection System (DS9455, Leica). SOX9 (AB5535, Millipore) and Ki67 (M7240, Dako) antibodies were diluted in Bond primary antibody diluent (ARD1001EA, Leica). Opal520 (FP1487001KT, Leica) and Opal650 (FP1496001KT, Leica) fluorophores were used to mark SOX9+ and Ki67+ cells, respectively. The Envision+ System HRP-labelled polymer anti-mouse (K4001, Dako; Ki67) or anti-rabbit (K4003, Dako; SOX9) was used to amplify the signal. The following steps were performed automatically for each antibody: 10% peroxidase block for 10 min, primary antibody for 30 min, the Envision+ System for 30 min, Opal fluorophore for 10 min, and Bond ER 1 buffer for 20 min at 95 °C. Spectral DAPI (FP1490, Leica) was used to mark the nuclei and slides were mounted with Prolong Gold (P36930, Thermo Fisher). Slides were scanned with an Aperio VERSA scanner and images were analysed with HALO Image Analysis Software.
PSR staining and polarized light microscopy
Breast tissue slides were stained with PSR as previously described32. PSR images were captured using the Leica MC190 HD Camera on the Leica DM2500 microscope with the ×10 (0.22 aperture) objective (for bright field, exposure of 70 ms and gain of 1; for polarised light, exposure of 250 ms and gain of 2). Polarizer was set at 102.5° based on the lowest background obtained. Quantitative analysis of collagen-associated birefringence as a measure of collagen orientation (coherency) was conducted on 22 PSR-stained lobule pairs, pre-treatment and post-treatment, using the ‘Orientation J’ plugin50. For each lobule image taken, 11–30 regions were selected from the surrounding tissue depending on size. The software was then used in the ‘measure’ mode as previously described to obtain coherency scores relating to the alignment of collagen fibres in each region51. The average coherency scores from at least three lobules were then calculated before and after treatment for each participant.
MRI
MRI scans taken from baseline and 3-month visits were analysed to investigate the change in FGV following a 3-month course of UA. FGV was defined as the volume of annotated fibroglandular tissue divided by the total volume of the breast. The latter was computed from the sum of the volumes of fibroglandular and fatty tissues. Eighteen individuals were identified with available scans, and 12 were included in the analysis. Individuals were excluded if their scans were truncated, or if one of their baseline or 3-month scans was missing. An automated segmentation method was used to initially annotate each slice of the MRI scans into segments of background, fatty tissue or fibroglandular tissue. The software ITK-SNP52 was then used to manually correct the annotations. Tissue between and behind the breasts, and above and below the breasts was classed as background. Python scripts were written and used to calculate the number of pixels in each annotated slice. From this, breast density was calculated for each MRI dataset by dividing the number of fibroglandular pixels in all slices by the total number of fibroglandular and fat pixels in all slices. The change in breast density over 3 months was plotted for all participants, and the P value was calculated using the Wilcoxon matched-pairs signed-rank test.
Mammographic density analysis
The percentage dense volume (PDV) was automatically assessed from the raw data files of all four exposures (craniocaudal and mediolateral oblique for both breasts) of mammograms taken within 1 year of study entry (median of 2.5 months; range of 0–11), using Volpara density (v1.5.0; Matakina). Volpara density grades (VDGs) were determined using cut-offs representative of BIRADS 4th edition (VDG1/BIRADS A: 0% ≤ PDV < 4.5%, VDG2/BIRADS B: 4.5% ≤ PDV < 7.5%, VDG3/BIRADS C: 7.5% ≤ PDV < 15.5% and VDG4/BIRADS D: PDV ≥ 15.5%).
Tissue stiffness by atomic force microscopy
Seven-micrometre-thick sequential cryosections were obtained for each participant sample. Three peri-lobular regions (100 × 100 μm) were identified for each participant sample from a H&E-stained section, and the same region was then located on an unstained sequential slice to be probed. Immediately before the experiment, each participant sample was allowed to thaw and dry at room temperature for 2 h, followed by five quick washes in deionized water to remove the optimal cutting temperature (OCT) compound. Atomic force microscopy was conducted using the Peakforce Quantitative Nanomechanics mode in fluid on the BioScope Resolve AFM (Bruker), with a cantilever of spring constant 0.14–0.16 N m−1 that is attached with a gold spherical probe of 5 µm diameter (CONT-Silicon-SPM-Sensor with colloidal particle, sQUBE). Calibration of probe deflection sensitivity and spring constant were conducted for every participant sample. To obtain the force curve, the cantilever was indented to a depth of 50 nm into the sample at a rate of 6 µm s−1, and the reduced elastic modulus of the sample was estimated based on the Hertzian model (spherical), taking 75% and 25% of maximum force on the force curve as fitting boundary. The results of this study were kept as reduced modulus with no assumption made on the Poisson’s ratio. A total of 400 force curves were obtained evenly throughout each 100 × 100 µm peri-lobular region to give a total of 1,200 force curves per participant sample (3 × 400). The force curves were filtered to remove those that poorly fit the Hertzian model (r2 < 0.95), followed by values that lie outside 2 standard deviations from the remaining population. The final population of force curves were subjected to a t-test to determine any significant differences in the reduced modulus between baseline and treated participant samples.
Tissue bulk RNA-seq analysis
Only good-quality RNA samples (RNA integrity number (RIN) > 8) were considered adequate for library preparation. Indexed PolyA libraries were prepared using 100 ng of total RNA and 15 cycles of amplification in the Agilent Sure Select Strand Specific RNA Library Prep Kit for Illumina Sequencing (G9691B, Agilent). Libraries were quantified by quantitative PCR using a Kapa Library Quantification Kit for Illumina sequencing platforms (KK4873, Kapa Biosystems). Paired-end 75-bp sequencing was carried out by clustering 2.0 pM of the pooled libraries on a NextSeq 500 sequencer (Illumina).
The fastq files were processed with Nextflow (v19.10.0), nf-core/rnaseq (v1.3) and aligned using GRCh38 as reference. Samples with low base quality or genomic DNA contamination were excluded from the analysis. Additional gene identifiers (gene symbols, Entrez ID, gene type) were retrieved from Ensembl BioMart (v101; https://www.ensembl.org/biomart/martview/). Differentially expressed gene analysis was performed with DESeq2 (v1.26.0) with a multifactor design formula that accounted for treatment and participant ID. A heatmap was generated with ComplexHeatmap (v2.16.0) and principal component analysis was performed using variance-stabilizing transformation values from DESeq2, stats (v3.6.0) and SummarisedExperiment (v1.16.1). Gene Ontology terms were downloaded from Ensembl BioMart (https://www.ensembl.org/biomart/martview/) using Ensembl Genes 103 and Human Genes GRCh38.p13, selecting the attributes ‘Gene stable ID’, ‘Gene name’ and ‘GO term name’. For data access, please refer to ‘Data availability’ section.
LCM and mass spectrometry
Five-micrometre-thick FFPE sections from four participants (BAP06, BAP12, BAP17 and BAP31) were mounted onto either glass slides or ‘MMI MembraneSlides’ (Molecular Machines & Industries), then stained with H&E using a Leica ST5010 autostainer XL. From tissue sections mounted on MMI slides, regions of ‘lobular epithelium and peri-lobular stroma’ were dissected using a MMI CellCut Laser Microdissection system across multiple sections. Tissue areas of 10 mm2 were collected using MMI transparent isolation caps and pooled to a final volume of 0.05 mm3. Formalin-mediated protein crosslinking was reversed by resuspending the dissected tissue in 50 mM triethyl ammonium bicarbonate (TEAB) containing 5% SDS (w/v) and heating at 95 °C for 20 min, then 60 °C for 2 h. To assist the solubilization of ECM proteins, urea and dithiothreitol was added to the samples to a final concentration of 8 M and 5 mM, respectively. Samples were then sonicated in a LE220-Plus focused ultrasonicator (Covaris) for 10 min. Samples were reduced and alkylated, then proteins were isolated and digested with trypsin using S-Trap spin columns (Protifi) as per the manufacturer’s instructions. Peptides were desalted using POROS Oligo R3 beads (Thermo Fisher) and analysed by liquid chromatography–tandem mass spectrometry using an UltiMate 3000 Rapid Separation LC system (RSLC, Dionex Corporation) coupled to a Q Exactive HF mass spectrometer (Thermo Fisher) for 90 min.
Proteomics data analysis
Raw mass spectra were processed in MaxQuant (v1.6.14.0, available from Max Planck Institute of Biochemistry)53. Features were identified using default parameters, then searched against the UniProt human proteome reference database (UP000005640, August 2020). Oxidation of methionine, hydroxylation of proline and acetylation (protein N terminus) were set as variable peptide modification for protein identification, whereas carbamidomethylation of cystine was set as a fixed modification. Peptide quantification was performed using label-free quantification, using only unmodified, unique peptides and with ‘match between runs’ enabled. Statistical analysis of quantitative proteomics data was performed using MSqRob54. Label-free quantification intensities were normalized between samples by means of the median of peptide intensities. Timepoint (pre-treatment or post-treatment) was treated as a fixed effect, whereas peptide sequence and participant (biological replicate) were treated as random effects. Peptides belonging to contaminant protein lists (as annotated by MaxQuant/Andromeda), or proteins with fewer than two peptides were excluded from the analysis. For annotation of proteins ECM or non-ECM status, the protein tables generated by MaxQuant or MSqRob were screened for ECM core or affiliated components by comparison with MatrisomeDB, a curated database of ECM proteins55,56. Ontology analysis was performed on differential protein abundance data generated by MSqROB using clusterProfiler (v4.6.0)57 gene set enrichment analysis, applying Benjamini–Hochberg correction and grouping proteins by ‘Reactome pathway’ annotations (v.65)58.
scRNA-seq library preparation and data processing
Single-cell suspensions of human breast cells were generated as described above and scRNA-seq was performed using the standard workflow for the 10X Genomics Single Cell 3′ RNA Kit V3 chemistry, in two batches for six participants. Batch 1 (n = 6) and batch 2 (n = 6) contained pre-treatment and post-treatment ulipristal acetate samples for three different participants. Next-generation sequencing was performed with the NovaSeq 6000 (Illumina) at the Cancer Research UK Cambridge Institute Genomics core. Raw sequencing reads were aligned using CellRanger (v3.02) using the GRCh38 human genome as reference. Quality control was performed using DropletUtils (v1.10.3) to detect empty droplets, and cells with less than 1,000 unique molecular identifier counts or more than 10% mitochondrial genes were filtered out using scuttle (v1.18.6). Gene symbols were mapped to Ensembl IDs using org.Hs.eg.db (v3.12.0). Batches were merged using batchelor (v1.6.3) and the batch-corrected dimension was used to build the shared nearest neighbour graph (scran v1.18.7), and batch integration was visually evaluated using igraph (v1.2.6). Scater (v1.18.6) was used to generate both principal component analysis and UMAP dimensionality reduction coordinates, with a minimum distance of 0.1 and nearest neighbours of 30 cells. Cell clusters were generated computationally with R package igraph, and cell-type assignment was performed manually using previously described mammary subtype canonical markers35. The secondary cell subclustering to match the ‘level 2’ annotation of the iHBCA was completed in Python (v3.10.13) using the Leiden algorithm through the scanpy package (v1.9.6)59. Differential abundance testing was performed using the propeller function from the Speckle R package60.
Memento differential expression analysis
Pairwise (post-treatment versus baseline) differential expression analysis of participant samples was performed using Memento (v0.1.0)61 in Python (v3.9). The sequencing capture rate was estimated at 0.7 and Memento analysis was setup using a filter_mean_tresh and trim_percent of 10% to ensure robust expression of each gene carried to downstream analysis. Moments were computed using compute_1d_moments with min_perc_group of 50% ensuring at least half of these samples had sufficient expression of a gene while accounting for the potential of UA-mediated effects in 6 of 12 samples. Ht_1d_moments was used to compare baseline and post-treatment within each cell population with sample ID as a covariate. Memento pairwise differentially expressed results are summarized in Supplementary Table 4, and gene expression patterns were visualized with UpSet plots (UpsetR v1.4.0) with up to top 40 intersections shown.
Single-cell pathway analysis
Pathway analysis was performed using gprofiler2 (v0.2.3), which selects pathways of interest based on gene overrepresentation. Analysis was restricted to Reactome pathways, corrected by false discovery rate, gene count within a pathway 5 or more, and an adjusted P < 0.01. The top 10 upregulated and downregulated pathways are presented in barplot visualizations.
Cell–cell communication analyses
Ligand–receptor communication networks were first assessed using Cell Chat (v2.1.2)36 to identify broad communication network alterations between treatment groups. To infer a ‘per cell’ contribution to cell–cell communication, each broad cell population was downsampled to 985 cells per treatment group (baseline and post-UA treatment). Communication probability between cell types was then assessed using a 3% truncated mean with a minimum of ten cells per group. Differential cell–cell communication was compared before or after UA treatment using default settings in the CellChat R package. This analysis was similarly repeated downsampling iHBCA-annotated BC-APPS1 data to 300 cells per subcluster to ensure coverage of each subcluster. Inference of downstream ligand–collagen target gene interactions was performed using NicheNet (v2.2.0)37. Differentially expressed LHS ligands (pairwise logFC ≤ −0.4 (de_coef) and P < 0.05 (de_pval)) were selected as input. Intersection of pairwise differentially expressed gene list with those annotated as ‘ligand’ in the NicheNet (v2.2.0) L–R network database (‘lr_network_human_21122021.rds’) facilitated identification of downregulated LHS ligands. Similarly, downregulated FB1–3 and BMYO1 targets genes were identified from Memento results (Supplementary Table 4, pairwise logFC ≤  −0.25 (de_coef) and P < 0.05 (de_pval)). These downregulated target genes were intersected with a collagen gene list to identify which collagens within each subcluster were candidate target genes. A liberal minimum threshold of 3% receptor expression in receiver cells was used, and no differential receptor expression criteria was applied, given that co-regulation of ligand and receptor is not essential for target gene regulation. NicheNet analyses were performed using all genes as background and no downsampling was used in this analysis.
Imaging mass cytometry
For eight participants (02, 06, 12, 14, 17, 22, 24 and 31), 5-µm sections from FFPE tissue blocks were mounted onto a single glass slide. Sections were dewaxed with two sequential 10-min xylene incubations, then rehydrated in a graded series of ethanol in water (100%, 95%, 80%, 70% and 0%; 10 min each). Antigen retrieval was performed by incubating rehydrated sections in ‘Target Retrieval Solution, pH 9’ (S236784-2, Dako) for 20 min at 95 °C in a steam producing water bath, before removing the heat source and allowing the water bath to cool to room temperature over 20 min. Sections were washed three times in PBS (Maxpar PBS; 201058, Standard BioTools), then blocked in 3% BSA and 0.1% Triton X-100 in PBS for 1 h at room temperature. A cocktail of metal-conjugated antibodies and 0.5% BSA in PBS was made up and added to sections, incubating overnight at 4 °C. The antibodies used included α-smooth muscle actin (clone 1A4, 141Pr), E-cadherin (clone 24E10, 158Gd), Ki67 (clone B56, 168Er) and collagen I (polyclonal, 169Tm) from Standard BioTools (201508, Maxpar Human Immuno-oncology IMC panel kit), as well as fibronectin (polyclonal, 149Sm; ab23750, Abcam), collagen VI (polyclonal, 160Gd; ab6588, Abcam) and SOX9 (clone EPR14335, 147Sm; 3147022D, Standard BioTools). Fibronectin and collagen VI carrier-free antibodies were conjugated to metal isotopes using MaxPar X8 antibody labelling kits (149Sm, 201149 A; 160Gd, 201160B, Standard BioTools) as per the manufacturer’s instructions. Following antibody incubation, sections were washed twice in 0.2% Triton X-100 in PBS and then twice in PBS. Nucleic acids were then stained by incubating section with Cell-ID Intercalator (201192A, Standard BioTools) for 30 min, then washed in ddH2O and allowed to air dry.
Raw imaging mass cytometry data were acquired by ablating sections using a Hyperion Imaging System (Standard BioTools). For each slide, the histology of sections was inspected using the inbuilt light microscope and regions of interest were selected that contained lobular tissue. Approximately 1 mm2 of tissue from at least three discrete regions of interest were ablated in a rastered pattern at 200 Hz per section. To ensure that the order of section acquisition did not create artefacts in the data, slides were randomly allocated to two equally sized groups, one group in which ablation was ordered baseline then post-treatment and a second group in which ablation was performed post-treatment then baseline. Raw data files (TXT) were converted to TIFF format and segmented into single-cell objects using the Steinbock pipeline62. Hot pixels were filtered using a threshold value of ‘50’, whereas single-cell objects were segmented using the ‘Deepcell, cell segmentation’ function. Object intensity values were exported as CSV files and passed to the single-cell neighbourhood analysis pipeline. Selection of cells of interest and proximal ECM quantification was performed in MATLAB (please refer to the ‘Code availability’ section). In brief, after image noise removal, each channel was normalized between 0 and 1. Then, epithelium and void tissue regions were identified and masks for individual cells were generated. Cells of interest were then defined as those where mean intensity for a particular channel (for example, ‘SOX9’) is higher than a given threshold value. To define threshold values, for each image, an initial analyst, blinded to slide identity and referencing a common reference image, selected a pixel intensity threshold to captured cells exhibiting comparable staining intensity and cellular distribution. Thresholding was confirmed by a subsequent, independent analysis. To define SOX9low cells, SOX9high cells were first defined per image, then the equivalent number of the lowest expressing cells per image were classified as SOX9low. Changing the SOX9high and SOX9low threshold analysis to either a fixed top or bottom 20% expression or a fixed-intensity value produced similar results to those reported (data not shown). Around each cell of interest, a circular region of interest of a given radius was defined in such a way that it did not include any neighbouring cells and the void regions, and mean intensity within the circular region of interest was calculated for each channel.
VitroGel assay
Normal breast tissue organoids (3D microstructures) obtained from women at moderate or high risk of breast cancer were plated in 12-well plates in the presence of a polysaccharide-based synthetic hydrogel modified with the collagen-mimetic peptide GFOGER (VitroGel, TWG009, The Well Biosciences) as per the manufacturer’s instructions. Organoids were cultured with VitroGel in DMEM/F-12 medium (Gibco) with 8% charcoal-stripped FBS (Gibco), 10 µg ml−1 insulin (Sigma-Aldrich), 10 µg ml−1 hydrocortisone (Sigma-Aldrich) and 5 ng ml−1 EGF (Sigma-Aldrich). Using VitroGel dilution solution, the hydrogel was used in a ratio of 1:4 and 1:2, which represents soft (600–900 Pa, Young’s modulus) and stiff (1,800–3,000 Pa, Young’s modulus) conditions, respectively. Organoids were treated with onapristone (100 nM) or DMSO (control) every 72 h. After 1-week incubation at 37 °C, cells were isolated from the hydrogel using VitroGel Cell Recovery Solution (MS03-100, The Well Biosciences) following the manufacturer’s recommendations. Cells were counted before undergoing further analysis: mammosphere colony assay and RNA or protein extraction.
Real-time PCR
RNA was extracted using the RNeasy Plus Micro Kit (74034, Qiagen) as described in the manufacturer’s handbook. RNA quality was checked using a NanoDrop One spectrophotometer (Thermo Scientific). RNA reverse transcription to synthesize cDNA was done by using Omniscript RT kit (205111, Qiagen). Of each cDNA sample, 100 ng was then used in triplicate to perform quantitative PCR with Taqman Universal PCR master mix (4304437, Applied Biosystems) and Thermo Fisher gene expression assays for TNFSF11 (Hs00243522_m1), SOX9 (Hs00165814_m1) and KIT (Hs00174029_m1). Housekeeping gene, encoding β-actin, expression assay (Hs99999903_m1) was used to normalize the gene expression. Gene expression was measured using the QuantStudio 5 Real-time PCR system (Thermo Fisher) and analysed using QuantStudio Design and Analysis software (Desktop; v2.6.0).
Western blot
Protein lysates were fractionated by SDS–PAGE and transferred to nitrocellulose membranes (Protran BA85, Whatman). The membranes were incubated in Tris-buffered saline containing 0.1% Tween 20 and 5% milk for 1 h at room temperature to block nonspecific antibody binding, and then probed with primary and secondary antibodies to identify the proteins of interest. The primary antibodies used were 1:1,000 dilution of anti-SOX9 rabbit poly-antibody (AB5535, Sigma), 1:1,000 dilution of anti-KIT mouse poly-antibody (MAB332, R&D Biosystems) and 1:5,000 dilution of anti-β-actin mouse monoclonal antibody (A1978, Sigma). Horseradish peroxidase-conjugated secondary antibodies of goat anti-rabbit (41424306, Dako) and anti-mouse (41424131, Dako) were used at a 1:5,000 dilution and proteins were detected by horseradish peroxidase reagents Classico, Forte (Millipore) or West Femto (Thermo Fisher). Proteins were visualized by acquiring digital images with ChemiDoc Touch Imaging System (Bio-Rad). Densitometry was carried out on the digital images using Image Lab (v6.1; BioRad) and proteins of interest were normalized to β-actin.
Statistical analyses
If not stated otherwise, P values were generated using the ‘stat_compare_means’ function from the ‘ggpubr’ package (v0.6.0), applying the wilcox.test method. This performs either a Wilcoxon signed-rank test for paired samples or a Wilcoxon rank-sum test for independent samples. Exact P values are reported when there are no tied values. When ties are present, an approximate P value was calculated with a correction for ties. A value of P < 0.05 was considered to be statistically significant. Data are shown as median and interquartile range with connecting lines between paired data points, unless otherwise indicated.
Ethics and inclusion statement
This research has included local researchers throughout: in the study design, study implementation, data ownership and authorship of publications. The clinical study was approved by the local ethics review committee.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
All bulk RNA-seq and scRNA-seq data have been deposited in the Array Express database (https://www.ebi.ac.uk/biostudies/arrayexpress) and can be retrieved by the following access IDs: E-MTAB-13720 (bulk RNA-seq) and E-MTAB-13819 (scRNA-seq). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/) with the dataset identifier PXD067122.
Code availability
The scripts used to analyse the tissue bulk RNA-seq, the scRNA-seq and the imaging mass cytometry data are available on Zenodo63 (https://zenodo.org/records/11369094).
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Extended data figures and tables
Extended Data Fig. 1 Anti-progestin treatment suppresses serum progesterone and reduces LP cell activity and frequency.
A) Measurement of serum progesterone levels before (baseline) and after (post-treatment) 3 months of ulipristal acetate (N = 24 pairs). B) Average area of acinar structures within lobules before (baseline) and after (post-treatment) 3 months of UA therapy (N = 17 tissue pairs). C) Number of acinar structures per area (µm2) of lobules before (baseline) and after (post-treatment) 3 months of UA therapy (N = 19 tissue pairs). D) Gating strategy used to assess breast epithelial cell populations via flow cytometry. Live cell-sized singlets were selected from samples lineage depleted and stained with EpCAM and CD49f antibodies. E) Representative examples of luminal, mixed and basal colonies formed in the clonogenic assay are shown. Scale bar = 50 μm. N = 18 tissue pairs. F) Mammosphere formation efficiency (MFE %) data for baseline cell suspensions in the presence of onapristone (100 nM) versus control (DMSO). N = 14 baseline tissue. G) Mammosphere formation efficiency (MFE %) data for baseline cell suspensions in the presence of ulipristal acetate (2 nM) versus control (ethanol). N = 6 baseline tissue. H) Percentage of SOX9+ cells in pairs of tissue quantified by immunofluorescence. N = 10 tissue pairs. Box plots centre lines represent median values and box bounds indicate the 25th and 75th percentiles, with connecting lines between paired data points; p values are calculated with two-sided Wilcoxon matched-pairs signed rank test (A-C, F-H).
Extended Data Fig. 2 UA-induced transcriptional changes include down-regulation of PR target genes.
A) Heatmap from whole tissue RNA-Seq gene expression analysis showing the top 50 differentially expressed genes before (baseline) and after (post-treatment) UA therapy in 10 pairs of breast tissue (log2FC > 1.5, padj <0.05). Gene ontology (GO) term analysis shows genes associated with cell cycle, extracellular space and other GO terms. VST - Variance Stabilising Transformation. B) Gene expression of PR-regulated genes - TNFSF11 and CXCL13 - before (baseline) and after (post-treatment) UA therapy. Box plots centre lines represent median values and box bounds indicate the 25th and 75th percentiles, with connecting lines between paired data points; p values are calculated with two-sided Wilcoxon matched-pairs signed rank test. N = 10 tissue pairs.
Extended Data Fig. 3 UA treatment reduces LASP/LP cell proportion with concordance between scRNAseq and flow cytometry.
A) Percentage of LASP, LHS and BMYO cell populations determined by scRNAseq in 6 pairs of tissue before (baseline) and after (post-treatment) UA therapy. B) Correlation (two-sided test) between the percentage of LP cells determined by flow cytometry and LASP cells determined by scRNAseq. N = 6 tissue pairs. C-D) Cell subcluster proportionality fold change (post-treatment / baseline) across all subcluster cell types (C) and with proportionality restricted to epithelial cell types (D). Positive (negative) changes denote subcluster enrichment (depletion) in samples after UA therapy. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the most extreme datapoint within 1.5 × IQR (inter-quartile range) of the outer hinge of the boxplot. N = 6 tissue pairs.
Extended Data Fig. 4 Single cell RNAseq UMAP plots of baseline and post-treatment samples showing the subcluster populations identified within the broad cell types.
LASP - Luminal Adaptive Secretory Precursor; LHS - Luminal Hormone Sensing; BMYO - Basal-Myoepithelial; FB - Fibroblast; LE - Lymphatic Endothelial; VE - Vascular Endothelial; PV - Perivascular.
Extended Data Fig. 5 Dot plot summarises the selection of established cluster and subcluster cell type marker genes.
Each row corresponds to a key marker gene (expression normalized per gene) while brackets on the left side of the plot detail the cell type or subcluster that these genes mark. Each column corresponds to a specific subcluster cell population identified in our dataset.
Extended Data Fig. 6 Progesterone induced genes are down-regulated post-UA treatment.
A) UpSet plot depicting up-regulated genes (>0.25 log FC, pval <0.05 - Memento analysis) post-UA treatment across all 7 broad cell types. Intersection size indicates the number of genes that are uniquely regulated within a single cell type or shared across two or more cell types. B) Pathway analysis of LHS cells comparing post-treatment to baseline. Intersection size indicates the number of genes within each pathway gene set. Fisher’s one-tailed test p-values were corrected using Benjamini-Hochberg FDR, with adjusted p-value < 0.05 threshold for presented pathways. C) Dot plot (upper) and summary boxplots (lower) for TNFSF11 and CXCL13 gene expression across participant samples at baseline (B) and post-treatment (PT). Cell fraction represents the percentage of cells within LHS cells expressing each gene with mean expression overlaid (upper) or plotted on the y-axis (lower). Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the most extreme datapoint within 1.5 × IQR (inter-quartile range) of the outer hinge of the boxplot. P-value and log fold change (post-treatment/baseline) determined using Memento are overlaid. Memento significance is calculated using a nonparametric permutation test where observed mean differences are compared to a null distribution generated by permuting treatment group labels. N = 6 tissue pairs. D) UpSet plot depicting up-regulated genes that encode proteins that act as ligands (>0.25 log FC, pval <0.05 - Memento analysis) post-UA treatment across all 7 broad cell types.
Extended Data Fig. 7 Pathway and differential expression analyses points towards ECM organisation as a main effect of UA exposure.
A) Pathway analysis of broad cell types comparing post-treatment to baseline. Intersection size indicates the number of genes within each pathway gene set. Fisher’s one-tailed test p-values were corrected using Benjamini-Hochberg FDR, with adjusted p-value < 0.05 threshold for presented pathways. B) UpSet plots depicting down-regulated (left, <−0.25 log FC, pval <0.05 - Memento analysis) and up-regulated (right, > 0.25 log FC, pval <0.05 - Memento analysis) extracellular matrix (ECM) organisation genes post-UA treatment across all 7 broad cell types. Intersection size indicates the number of genes that are uniquely regulated within a single cell type or shared across two or more cell types.
Extended Data Fig. 8 Up-regulation of ECM regulatory genes, including MMPs, in LHS cells, and landscape of collagen gene expression across iHBCA annotated cell states.
A) Dot plot of up-regulated ECM genes in LHS cells showing gene expression at baseline and post-treatment. Cell fraction represents the percentage of cells within the LHS population expressing each gene with mean expression overlaid. B) Boxplots of up-regulated MMPs in LHS cells showing gene expression across participant samples at baseline and post-treatment. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the most extreme datapoint within 1.5 × IQR (inter-quartile range) of the outer hinge of the boxplot. P-value and log fold change (post-treatment/baseline) determined using Memento are overlaid. Memento significance is calculated using a nonparametric permutation test where observed mean differences are compared to a null distribution generated by permuting treatment group labels. N = 6 tissue pairs. C) Dot plot of collagen genes across all iHBCA annotated cell states. Cell fraction represents the percentage of cells within each cell state expressing each gene with mean expression annotated by colour.
Extended Data Fig. 9 Down-regulation of collagen gene expression in fibroblast and basal-myoepithelial subclusters following UA treatment.
Boxplots of down-regulated collagens in BMYO1, FB1, FB2 and FB3 subclusters showing gene expression across participant samples at baseline and post-treatment. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the most extreme datapoint within 1.5 × IQR (inter-quartile range) of the outer hinge of the boxplot. P-value and log fold change (post-treatment/baseline) determined using Memento are overlaid. Memento significance is calculated using a nonparametric permutation test where observed mean differences are compared to a null distribution generated by permuting treatment group labels. N = 6 tissue pairs.
Extended Data Fig. 10 Ligand–receptor–target gene analysis links WNT5A to the regulation of COL6A3.
A) NicheNet ligand–target analysis of pairwise down-regulated LHS ligands post-treatment that are linked to collagen gene down-regulation in FB1 (left) or FB3 (right) cells. Ligand activity represents a combined score of magnitude of down-regulation in this dataset and established regulatory potential of each ligand:target link. B) Dot plot of LHS ligands at baseline and post-treatment that are linked to collagen gene regulation. Cell fraction represents the percentage of cells within LHS cells expressing each gene with mean expression overlaid. C-D) Dot plot (upper) and summary boxplots (lower) for WNT5A (C) and COL6A3 (D) gene expression across participant samples at baseline (B) and post-treatment (PT) in LHS1-LHS2 cells (C) or FB1-FB3 cells (D). Cell fraction represents the percentage of cells within each subcluster expressing each gene with mean expression overlaid (upper) or plotted on the y-axis (lower). Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers extend to the most extreme datapoint within 1.5 × IQR (inter-quartile range) of the outer hinge of the boxplot. P-value and log fold change (post-treatment/baseline) determined using Memento are overlaid. Memento significance is calculated using a nonparametric permutation test where observed mean differences are compared to a null distribution generated by permuting treatment group labels. N = 6 tissue pairs. E) Receptors for down-regulated LHS ligands expressed within target FB1 and FB3 cells. Prior interaction potential represents pre-existing links within the NicheNet L–R database (left). Dot plot of WNT5A linked receptors at baseline and post-treatment in FB1 and FB3 cells. Cell fraction represents the percentage of cells within FB1 or FB3 cells expressing each gene with mean expression overlaid.
Extended Data Fig. 11 Anti-progestin treatment induces ECM remodelling.
A) Heatmap of the 65 proteins identified as significantly differentially abundant after UA treatment. B) Representative imaging mass cytometry images showing staining with metal-conjugated antibodies against E-Cadherin (E-Cad; luminal cell marker), α-smooth muscle actin (SMA; basal cell marker) and Collagen I (Col-I; stromal marker). E-Cad and SMA markers were used to delineate the epithelial regions and define the peri-epithelial stroma (+25 µm from epithelia). Box plots compare Col-I, Col-VI and FN1 mean intensity in epithelia and peri-epithelial stroma of paired tissue sections before (B) and after (PT) UA treatment. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers denote minima and maxima values. Statistical analysis was performed using two-sided Wilcoxon matched pairs signed rank test. N = 8 tissue pairs. C) Single-cell neighbourhood analysis of pericellular collagen I (left hand panel) and fibronectin (right hand panel) abundance for SOX9high and SOX9low populations across paired BC-APPS1 samples at baseline (B) and post treatment (PT) timepoints. Single-cell neighbourhood analysis was performed as described in Fig. 3g. For each selected cell, Collagen-I or fibronectin staining intensity was quantified within a 10 µm radius. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers denote minima and maxima values. Statistical analysis was performed using a repeated measure one-way ANOVA followed by Sidak’s multiple comparisons test. N = 8 tissue pairs. D) The percentage of Ki67+ cells in epithelial SOX9high and SOX9low cells populations were calculated across the samples described in Extended Data Fig. 11c. Box plots centre lines represent median values, box bounds indicate the 25th and 75th percentiles, and whiskers denote minima and maxima values. Statistical analysis was performed using repeated measure one-way ANOVA followed by Sidak’s multiple comparisons test. N = 8 tissue pairs.
Extended Data Fig. 12 Anti-progestins block stiffness-induced SOX9 and C-KIT.
A-B) C-KIT and SOX9 protein detection in normal breast microstructures cultured in collagen-mimetic hydrogels under ‘soft’ (S) and ‘stiff’ (ST) conditions, treated for 7 days with: A) Ulipristal Acetate (UA, 2 nM), or B) Onapristone (ON, 100 nM). β-actin was used as a reference for the loading control. Densitometry quantification, normalised to β-actin, is shown at the top of each band. N = 3 breast samples. C) Heatmap from whole tissue RNA-Seq gene expression analysis showing all the differentially expressed genes between high MD (BI-RADS C/D, dark grey) and low MD (BI-RADS A/B, light grey) breast tissue at BC-APPS1 baseline (n = 9; p < 0.05). VST - Variance Stabilising Transformation. D) Correlation (two-sided test) between VBD percentage and gene expression of CXCL13 and TNFSF11 in baseline breast tissue of BC-APPS1 participants. N = 9 baseline tissue.
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Abstract
Eukaryotic ribosomal small subunit (SSU) assembly requires the SSU processome, a nucleolar precursor containing the RNA chaperone U3 small nucleolar RNA (snoRNA). The underlying molecular mechanisms of SSU processome maturation, remodelling, disassembly and RNA quality control, and the transitions between states remain unknown owing to a paucity of intermediates1,2,3. Here we report 16 native SSU processome structures alongside genetic data, revealing how two helicases, the Mtr4-exosome and Dhr1, are controlled for accurate and unidirectional ribosome biogenesis. Our data show how irreversible pre-ribosomal RNA degradation by the redundantly tethered RNA exosome couples the transformation of the SSU processome into a pre-40S particle, during which Utp14 can probe evolving surfaces, ultimately positioning and activating Dhr1 to unwind the U3 snoRNA and initiate nucleolar pre-40S release. This study highlights a paradigm for large dynamic RNA–protein complexes in which irreversible RNA degradation drives compositional changes and communicates these changes to govern enzyme activity while maintaining overall quality control.
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Main
The nucleolus, a membraneless organelle, is generated via eukaryotic ribosome biogenesis in a transcription-dependent manner. The maturation of ribosomal SSU and large subunit (LSU) precursors generates distinct phases of this multi-layered organelle, which is maintained via multivalent RNA–protein and protein–protein interactions. Early stages of eukaryotic ribosomal small subunit (SSU–40S) assembly involve the SSU processome, a giant nucleolar particle containing approximately one-quarter of all eukaryotic ribosome assembly factors and three RNA molecules (SSU 18S pre-rRNA, a 5′ external transcribed spacer (ETS) and the RNA chaperone U3 snoRNA)1,2,3. The 18S RNA comprises four domains (5′, central, 3′ major and 3′ minor domains), which are housed in separate modules. By serving as the architectural blueprint for the SSU processome, the chaperone U3 snoRNA base-pairs with parts of the SSU pre-rRNA (via its box A and box A’ segments) as well as the 5′ ETS (via its 3’ and 5’ hinges). High-resolution structural studies of SSU processome assembly and maturation in yeast and human cells have started to reveal isolated native states before and after cleavage of the mature rRNA 5′ end (site A1)4,5,6,7,8,9,10,11,12,13. After a poorly characterized departure of most assembly factors (SSU processome disassembly) a pre-40S particle emerges, which in addition to compacted rRNA domains still contains U3 snoRNA and the RNA helicase Dhr19. The current absence of intermediate states highlights our limited understanding of the mechanisms that guide transitions between visualized states. The transition of the SSU processome from maturation to disassembly was suggested to involve the RNA exosome (with associated exonuclease Rrp6 and RNA helicase Mtr4)10,12,13,14,15. As the arbiter of RNA quality control, the RNA exosome ensures correct RNA processing, with Rrp6 acting as an initial distributive RNA exonuclease before more processive RNA degradation by Rrp44. This system requires synergistic interactions between the RNA exosome and its substrates for RNA surveillance. Substrates that remain tethered to the RNA exosome are subject to RNA turnover, whereas correctly processed RNA substrates are released16. The limited number of visualized SSU processome maturation and disassembly states has prevented a mechanistic understanding of their interaction with the RNA exosome and how RNA exosome function is coupled to SSU processome maturation and disassembly. Specifically, the mechanisms of RNA exosome recruitment, substrate access and disengagement remain unclear12,13.
At the end of SSU processome disassembly, the DEAH-box helicase Dhr1 (DHX37 in humans) has a key role in the removal of U3 snoRNA from a pre-40S particle to facilitate the formation of the central pseudoknot. However, despite ample studies17,18,19,20,21, the mechanism by which Dhr1 is initially recruited to the SSU processome, kept in an inactive conformation, subsequently repositioned to engage its substrate U3 snoRNA, and ultimately activated, remains unknown. Presently, there is a lack of understanding of how the SSU processome, the RNA exosome, and Dhr1 work in concert to bring about unidirectional maturation and disassembly while maintaining RNA quality control throughout the entire process, which enables completed particles to leave from the nucleolus.
To address this, we determined native high-resolution structures of 16 Saccharomyces cerevisiae SSU processome states undergoing maturation and disassembly with resolutions up to 2.7 Å. Together with complementary genetics and an in silico protein–protein interaction screen, we have identified an RNA exosome-mediated mechanism that explains both SSU processome maturation and disassembly as a function of the 3′ to 5′ helicase activity of the RNA exosome-bound helicase Mtr4. Within this framework, SSU processome disassembly, exosome-mediated RNA surveillance and Dhr1 activation are tightly coordinated to maintain RNA quality control during the entire pathway.
To determine how Dhr1-bound SSU processomes undergo maturation and disassembly, we obtained native cryo-electron microscopy (cryo-EM) structures of particles containing Dhr1 during early, intermediate and late stages (Fig. 1 and Extended Data Fig. 1). Early assembly states were selected using Dhr1 and the early assembly factor Kre33 as affinity baits (dataset 1; Supplementary Fig. 1). For unbiased views of all Dhr1-bound states, Dhr1 was used as the sole affinity bait (dataset 2; Supplementary Fig. 2). The late disassembly state containing activated Dhr1 (referred to here as state O) was obtained by selecting for particles containing Dhr1 and its activator Utp14 and lacking Utp7, which is present in earlier intermediates (dataset 3; Supplementary Fig. 3).
Fig. 1: SSU processome maturation and disassembly pathway.

Simplified atomic models of the SSU processome assembly pathway with colour-coded rRNAs and ribosome assembly factors. Major changes in the rRNA between states are shown in the foreground and changes in protein compositions and functions are shown. Movements are indicated by arrows and protein or RNA elements that become ordered or depart between different assembly intermediates are highlighted with black outlines. The overall resolution of each cryo-EM reconstruction is shown below each state. A dashed arrow indicates tethering of protein components. Major structural features such as the left foot (LF), right foot (RF) and the platform (Pt) are annotated in state O. H44, H45, helices 44 and 45.
From a total of 213,766 cryo-EM images, initial data curation and comprehensive 3D classifications yielded 16 SSU processome reconstructions (states A–O) with overall resolutions of 2.7–6.0 Å (Fig. 1 and Extended Data Fig. 1). Focused refinements with 105 maps were used to obtain 16 composite maps for all structures (Supplementary Figs. 4–25), which enabled model building and assignment of 50 unique assembly factors, 21 ribosomal proteins and three RNAs (5′ ETS, 18S rRNA and U3 snoRNA) across all states (Supplementary Tables 1 and 2). Here, states are defined on the basis of distinct rRNA folding transitions and the presence or absence of distinct assembly factors, resulting in 15 unique states (states A–O), and a substate of state A that undergoes conformational changes only (state A*). Together, these states provide unprecedented high-resolution coverage of native SSU processome maturation and disassembly that goes far beyond previous studies9,10,12 (Extended Data Figs. 1–6 and Supplementary Figs. 26 and 27). High-resolution reconstructions further reveal the positions of post-translational modifications and their role in stabilizing distinct assembly intermediates (Supplementary Fig. 28).
Chronology of SSU biogenesis
The large number of observed states enables us to visualize nucleolar SSU biogenesis as a function of RNA exosome-mediated 5′ ETS degradation, which first triggers cleavage of the 18S rRNA at site A1 (states A–G), and subsequently orchestrates SSU processome disassembly, rRNA compaction and activation of Dhr1 (states H–O) (Fig. 1 and Extended Data Figs. 1 and 2). The presence of the C terminus of Rrp6 in states C–L highlights the tethered presence of the RNA exosome, which is mediating transitions between states. This is contrary to previous studies, which lacked the temporal resolution to precisely define both the chronology and causality of events leading to cleavage at site A1 and thus the underlying mechanism9 (Supplementary Fig. 26). Initial degradation of the 3′ end of the 5′ ETS on the exterior of the particle is followed by accommodation of the C terminus of Rrp6 (state C), suggesting that the RNA exosome is responsible for this remodelling step. In state D, the restructuring of the 5′ ETS in the interior of the SSU processome allows for partial release of Krr1 and Faf1 from their binding sites. This leads to the 3′ end of the 18S rRNA precursor (helix 45) being chaperoned by the assembly factor Pno1 towards the interior of the particle, thus allowing an N-terminal element of the DEAH-box helicase Dhr1 to bind. As the assembly factor Utp14 connects Pno1 with Dhr1 (Supplementary Fig. 27e,i), the integration of helix 45 near the central domain results in the docking of the auto-inhibited Dhr1 in state E. Notably, A1 cleavage in state G is triggered solely by the incorporation of Dim1. Here Dim1 probes the placement of helix 45 close to the central domain and stabilizes U3 snoRNA-bound regions of the 18S rRNA in an upward conformation. This facilitates Utp24-mediated A1 cleavage in particles that still contain the Kre33 module, which was previously thought to precede A1 cleavage9 (Fig. 1, Extended Data Fig. 3).
SSU processome disassembly further progresses as a function of 3′ to 5′ elimination of the 5′ ETS, resulting in compositional and conformational changes of the particle (Fig. 1). During these compositional changes, Utp14, a largely unstructured protein containing several regulatory segments visualized in our structures (referred to here as segments a–f) can adopt different binding conformations as a response to SSU processome maturation and disassembly (Extended Data Fig. 6a,d,e).
With the processing of the 5′ hinge, distinct stages of disassembly are observed that involve the stepwise departure of assembly factors, such as Rrp5, Sof1 and Utp7 (states H–J). In states J and K, Utp14 licenses a new binding site for Dhr1, which was previously occupied by Utp7. The subsequent processing of the 3′ hinge (states K and L) releases much of the UtpB complex (except for Utp18) and the helicase Dhr1. In a major compositional remodelling step, the transition from state L to state M marks the complete elimination of the 5′ ETS, which triggers the departure of the UtpA and UtpB complexes as well as individual assembly factors and Rrp6. This remodelling step subsequently allows Dhr1 to be repositioned and activated by Utp14 in a state-specific manner. States M–O therefore capture the activation of Dhr1 as further compaction of the particle triggers the undocking of U3 snoRNP proteins and Utp20. These results suggest a direct mechanism by which the RNA exosome could degrade the 5′ ETS to trigger large compositional and conformational changes that transform the SSU processome into a pre-40S particle.
Integrated nucleolar RNA surveillance
Genetic studies have suggested that the yeast RNA exosome binds the SSU processome via an interaction between the RNA helicase Mtr4 arch domain and the assembly factor Utp18 via an arch-interacting motif (AIM)14. Although low-resolution density for the RNA exosome in the proximity of the SSU processome has been observed10,12, exactly how exosome recruitment and positioning is achieved across multiple states remains unclear. Moreover, the RNA exosome must efficiently detect and eliminate trapped SSU precursors within the nucleolus which have failed to complete biogenesis, yet how nucleolar RNA surveillance is set up to do so remains unresolved10,12,14. The 71 proteins present in the SSU processome together with the 14 proteins present within the RNA exosome provide a unique opportunity to screen pathway-wide protein–protein interactions in silico using AlphaFold-Multimer22,23,24. We used this approach to obtain an SSU processome predictome to test 3,570 unique binary interactions, which together with our high-resolution cryo-EM maps enabled the identification of many previously unknown interactions (Fig. 2a, Extended Data Fig. 4 and Supplementary Table 3). These data highlight key features of the SSU biogenesis pathway including the architectural roles of Sas10-domain containing complexes, tethering functions of Mpp10 for ribosomal protein S5 and Dim1, and predictions for the recruitment and activation of Dhr1 (Extended Data Fig. 4d,f). In addition, mutually exclusive interactions between Kre33 and Faf1 or Bms1 are revealed, which now explain previously unassigned density for the human homologues of Kre33 and Faf1 (NAT10 and C1ORF13, respectively) in the human SSU processome11 (Extended Data Fig. 4e).
Fig. 2: Interaction networks between SSU processome and the RNA exosome.

a, Yeast SSU processome predictome containing assembly factors (AFs), ribosomal proteins (RPs) and RNA exosome proteins (EXO), with colour-coded confidence scores. Three AlphaFold-Multimer predictions are highlighted with colour-coded proteins and confidence levels (pLDDT). ipTM_pTM is the combined interface-predicted template modeling and predicted template modeling score from AlphaFold. b, AlphaFold predictions for colour-coded Utp14, Mtr4 and Utp18 AIM mapped onto a composite model of the RNA exosome with Rrp6 (Protein Data Bank (PDB) 5VZJ and 6D6Q). c, Cartoon representation of state H (left) and zoomed-in view (right) of the 5′ ETS 3′ end exit site (orange circles) with colour-coded exosome-interacting proteins. Regulatory elements of Utp14 are highlighted in orange. d, Schematic of Utp14, Rrp6, Utp18 and Pno1 protein sequences in state H with interacting and functional elements labelled. EAR, exosome associating region. e, Growth analysis of Rrp6 and Utp14 mutants in a Utp18 multi-Ala background on 5-fluoroacetic acid (5-FOA) plates. WT, wild type.
A notable series of predicted interactions emerged from the SSU processome predictome that suggest extensive contacts between the RNA degradation machinery and the maturing and disassembling SSU processome (Fig. 2a, b). In addition to previously known interactions between the RNA helicase Mtr4 and Utp1814 and newly identified multivalent interactions between the yeast Rrp6 C terminus (the ‘lasso’) and the SSU processome in this study, the SSU processome predictome suggested that Utp14, the essential activator of Dhr1, additionally serves as a bridge between Mtr4 (via exosome recruitment motif 1 (ERM1)), the core exosome component Rrp40 (via exosome recruitment motif 2 (ERM2)), and the SSU processome (Fig. 2a,b). This mode of binding is similar to the binding of the RNA exosome cofactor Mpp625, with Mpp6 motifs having a high degree of sequence similarity to Utp14 ERM1 and ERM2 (Extended Data Fig. 5a).
On the basis of these predictions, a model emerges in which the RNA exosome contains four contact points for the SSU processome, which in addition to Utp18 AIM and the C terminus of Rrp6 (lasso) include two peptides of Utp14 (ERM1 and ERM2) (Fig. 2b). Synergistically, the 2.7 Å structure of state H highlights that elements of Rrp6, Utp18 (AIM) and predicted Utp14 (ERM1 and ERM2) are all positioned in close proximity to the 3′ end of the 5′ ETS, where the Mtr4 helicase needs to unwind the 5′ ETS for both maturation and disassembly to occur (Fig. 2c). In state H, Utp14 occupies a strategic position with key regulatory elements that respond to conformational changes of the entire particle. Elements of Utp14 that will in later states provide a part of a Dhr1 binding site (segment b) or activate Dhr1 (segments d and e) are sequestered in state H near Sof1–Utp20 and Utp7–Utp1, respectively (Fig. 2c,d). Separately, the newly identified Utp14 hook (segment c) recruits the auto-inhibited Dhr1 and this inactive state is further stabilized by N-terminal elements of Pno1 (Supplementary Fig. 27i,l). This arrangement places ERM1 and ERM2 of Utp14 directly between segments b and c so that after cleavage at site A1 all elements that bridge the SSU processome and the RNA exosome are present near the 3′ end of the 5′ ETS (Fig. 2c,d).
The network consisting of Utp18, Rrp6 and Utp14 suggests that beyond exosome catalytic function, connective redundancy may have a major role in ensuring correct placement of the RNA exosome near the SSU processome. Although prior data have indicated that Utp18 AIM mutants are synthetically lethal in the absence of Rrp612,14, the relative contributions of Rrp6 exonuclease activity and its ability to bind to the SSU processome have remained unclear. Using yeast genetics, we show that in the absence of the Utp18 AIM, an inactive Rrp6 exonuclease (Y361A)26 results in synthetic lethality, suggesting that catalytic activity of Rrp6 becomes essential if Mtr4 helicase cannot be correctly positioned (Fig. 2e). These data suggest that both positioning and the redundancy in connections of the RNA exosome to the SSU processome are essential for its function. Without the Utp18 AIM, three connections to the SSU processome remain via the Rrp6 lasso and the predicted Utp14 ERM1 and ERM2 (Fig. 2a–d). Our genetic data indicate that as long as any one of these connections is present, cell viability is maintained. By contrast, synthetic lethality is observed if all four connections are disrupted (Fig. 2e). Since the Rrp6 lasso is a multivalent binder of the SSU processome with four binding sites, we could separately show that iterative Rrp6 C-terminal truncations in a genetic background lacking the Utp18 and Utp14 connections gradually reduce growth (Extended Data Fig. 5). The SSU processome predictome, together with structural data and genetics, reveal a highly redundant nucleolar tethering network that couples SSU processome maturation, disassembly and RNA quality control. These findings are further consistent with the visualization of the human homologue of Rrp6 (EXOSC10) in the immediate vicinity of nucleolar SSU precursors27.
Synchronized exosome-mediated disassembly
Identifying the precise molecular mechanisms governing the controlled disassembly of the SSU processome remains a significant challenge, as current models lack the necessary sampling and resolution to mechanistically explain this process9. Here, states H–O capture a series of intermediates that follow RNA exosome-mediated disassembly (Figs. 1 and 3), enabling us to explain mechanistically how disassembly and RNA quality control are coupled. The irreversible 3′ to 5′ elimination of the 5′ ETS by the RNA exosome is directly coupled to the release of assembly factors in the path of the exosome. These include, among others, the Sof1–Utp7 complex at the 5′ hinge, the UtpB complex at the 3′ hinge, and Utp18 and the UtpA complex positioned at the start of the 5′ ETS (Fig. 3a). RNA exosome-mediated compositional changes to the SSU processome result in three key events that occur concurrently. First, the reduction of multivalent RNA–protein and protein–protein interactions within the SSU processome leads to release of bound and tethered complexes. Second, the RNA exosome loses two of its interaction sites with the SSU processome and its function transitions from substrate engagement to substrate monitoring. Third, the changes of the SSU processome landscape provide new binding surfaces for Utp14, which organizes Dhr1 repositioning and activation (Fig. 3).
Fig. 3: Helicase-mediated disassembly is coupled to RNA quality control.

a, Top, schematic of SSU processome disassembly as a function of RNA degradation. RNA and protein elements bound to the 5′ ETS RNA are shown as coloured boxes and states with corresponding 5′ ETS length are indicated (bottom). b, Architecture of the changes around the 5′ ETS exit sites (orange circles) from state H to state M. Protein elements are colour-coded and elements of Utp14 (b–f), Pno1 (1–4) and the state of Dhr1 are highlighted.
Beginning in state H, RNA exosome-mediated processing of the 3′ end of the 5′ ETS alters the Sof1 binding site, weakening its interaction with Utp7 until only the C terminus of Utp7 remains bound in state I. During this transition, key regulatory elements of Utp14 involved in subsequent Dhr1 recruitment (segment b) and activation (segments d and e) are released while remaining tethered via peptides bound to Dhr1 and Pno1 (segments c and f respectively). During subsequent 5′ ETS degradation, represented in states J and K, the Utp7 C terminus is released, and its binding site is gradually occupied by elements of Utp14 (segments a and b) that prepare a binding site for Dhr1 as the UtpC complex is released. During the transition from state K to state L, continued 5′ ETS processing results in UtpB losing its primary binding site at the 3′ hinge while remaining tethered to the SSU processome via Utp18, and Dhr1 remains connected to the particle via its N terminus and the Utp14 hook (segment c) (Fig. 3b). Following complete 5′ ETS removal during the transition from state L to state M, UtpA, associated proteins, Utp18 and Rrp6 are fully released (Fig. 3 and Extended Data Fig. 6a). During this key transition the roles of the RNA exosome and Dhr1 are markedly changed.
The role of the RNA exosome shifts from the active substrate-engaged state with four binding sites on the SSU processome to an overall surveillance state through the remaining two Utp14 ERM sites (Extended Data Fig. 6a). Furthermore, re-engagement of the substrate by the RNA exosome is prevented by the lack of a Utp18 binding site and the occlusion of the Rrp6 lasso binding site by the C terminus of ribosomal protein S4 (Fig. 3b and Extended Data Fig. 6b,c). Separately, the role of Dhr1 changes from a tethered auto-inhibited state to a repositioned, substrate-engaged and activated enzyme poised to remove U3 snoRNA from the pre-40S particle.
Molecular circuitry of Dhr1 activation
High-resolution crystal structures of Dhr1 and DHX37 have shown that this DEAH-box helicase in isolation can exist in two states, an inactive state in which an auto-inhibitory loop prevents substrate binding, and an active state, in which single-stranded RNA acts as a substrate11,19. However, thus far no Utp14-mediated active state of Dhr1 has been observed. The comparison between the inactive state of Dhr1 in state H and the Utp14-mediated active state of Dhr1 in state O rationalizes how irreversible RNA exosome-mediated 5′ ETS degradation orchestrates a cascade of events that triggers Dhr1 activation in a state-specific manner during SSU processome disassembly (Fig. 4).
Fig. 4: Mechanism of Utp14-mediated Dhr1 activation.

a, Zoomed-in view of inactive Dhr1 in state H. Auto-inhibitory loop (light pink) and inhibitory elements of Pno1 (1–4) and elements of Utp14 highlighted. The arrow indicates the conformational change of Dhr1 RecA domains. CTD, C-terminal domain; HB, helical bundle domain; WH, winged helix domain. b, Zoomed-in view of activated Dhr1 in state O. Activating Utp14 elements (a, b, d and e) are highlighted in orange. N-term, N terminus. c, Schematic of state H molecular circuitry between Utp14, Dhr1 and Pno1. Interacting elements are coloured grey and inhibitory interactions are indicated with red lines. OB, oligonucleotide-binding domain.d, Schematic of state O molecular circuitry between Utp14, Dhr1 and Pno1. Interacting elements are coloured grey and activating interactions are indicated with green lines.
In state H, the UtpB tetramer provides binding sites for both Dhr1 and Pno1 (elements 1 and 4), which enable additional elements of Pno1 (elements 2 and 3) to stabilize the auto-inhibited state of Dhr1. Element 3 of Pno1 stabilizes the auto-inhibitory loop of Dhr1, and element 2 of Pno1 prevents binding of segment d of Utp14, thus preventing a switch towards Dhr1 activation (Fig. 4a). Separately, segments of Utp14 that subsequently provide a binding site (segment b) or activate Dhr1 (segments d and e) are sequestered by Utp20–Sof1 and Utp7–Utp1 respectively (Figs. 2c and 4a,c).
In state O, the prior RNA exosome-mediated elimination of the UtpB complex, and the release of Utp14 segments a-e have markedly changed the local environment for Dhr1. The new Dhr1 binding site (Utp14 segments a and b) is formed on top of its substrate U3 snoRNA, which still base-pairs with 18S elements that will form the central pseudoknot upon Dhr1-mediated U3 snoRNA release (Fig. 4b). The relative positions of Utp14 elements c and f now enable Utp14 elements d and e to stabilize a conformation of Dhr1 in which the RecA lobes are markedly shifted to engage the substrate U3 snoRNA while displacing the auto-inhibitory loop (Fig. 4b,d). The architecture of the Utp14-mediated active form of Dhr1 in state O rationalizes a wealth of genetic and biochemical data from yeast and mammalian systems, highlighting that this mode of activation is distinct from G-patch mediated DEAH-box helicase activation19,21 (Extended Data Fig. 6e–g).
Thus, RNA exosome-mediated remodelling of the SSU processome triggers a series of compositional and conformational changes within the disassembling SSU processome that collectively switch Dhr1 from an ‘off’ to an ‘on’ state that enables its engagement and processing of U3 snoRNA. The irreversible release of U3 snoRNA and the formation of the central pseudoknot prepare the resulting pre-40S particle for subsequent nuclear maturation, where Utp14 is replaced by Nob12, releasing the final link to nucleolar RNA surveillance.
Conclusions
Nuclear bodies that contain biosynthetic processing pathways such as the nucleolus, Cajal bodies and nuclear speckles share unified organizational principles by which RNA synthesis and processing results in the formation and dynamics of these multivalent condensates28,29. For nucleolar SSU processome maturation and disassembly, we present a high-resolution temporal perspective, highlighting that this highly dynamic process is driven by the activities of two RNA helicases associated with the RNA degradation machinery (Mtr4) and the SSU processome itself (Dhr1) (Figs. 1 and 2). The irreversible unwinding and degradation of pre-ribosomal RNA (5′ ETS) changes the composition of disassembling SSU processomes, allowing regulatory peptides of Utp14 to probe the changing landscape of these particles to state-specifically reposition and activate Dhr1 for the terminal and irreversible release of U3 snoRNA (Figs. 3 and 4). The emerging model now highlights the importance of multivalent tethering at three levels. First, intra-SSU processome tethering enables pre-recruitment of assembly factors required for subsequent steps including restructuring of the SSU processome and A1 cleavage. Second, the extent (valency) of tethering between large particles such as the RNA exosome to the SSU processome changes as the exosome matures and disassembles the SSU processome, thereby shifting the role of the RNA exosome from initial recognition to substrate engagement and finally substrate surveillance. Third, at the level of the organelle, overall tethering of the maturing and disassembling SSU processomes to the nucleolus is decreased as more nucleolar assembly factors are released, thereby reducing the overall valency of particles before nucleolar release (Fig. 5). These data suggest that rather than the loss of non-specific interactions within a biomolecular condensate, it is the loss of specific protein–protein and protein–RNA interactions that enables the release of pre-ribosomal particles from the nucleolus. The scope of our study allows us to illustrate molecular events at the ångström scale that can rationalize the organizational principles at the micrometre scale, as observed for the nucleolus27. This study highlights molecular transitions in large dynamic RNA–protein complexes driven by RNA helicases, and how these changes may be coupled to movement through biomolecular condensates in nuclear bodies.
Fig. 5: Model of the mechanism of SSU biogenesis in the nucleolus.

a, Schematic model of yeast SSU biogenesis in the nucleolus. Decreasing valency of maturing particles is indicated (bottom). b, The SSU processome maturation and disassembly pathway. Key transitions are indicated. Colour-coded tethered proteins and complexes are indicated with linkers. Arrows and numbers highlight the order of transition steps (RNA degradation, conformational changes, protein release or protein repositioning to new binding sites) that lead to particles with low valency during disassembly.
Methods
Generation of endogenously tagged DHR1, KRE33, UTP7 and UTP14 strains
Assembly intermediates of the S. cerevisiae SSU processomes were purified from three genetically modified BY4741 (MATa
his3Δ leu2Δ0 met15Δ0 ura3Δ0) strains. Where genes of interest (DHR1, KRE33, UTP7 and UTP14) were endogenously tagged: the first strain containing C-terminal tandem 3C protease-cleavable mCherry and TEV-cleavable alfa peptide tag on DHR1 along with a 3C cleavable C-terminal GFP-tag on KRE33 (MATa
his3Δ leu2Δ0 met15Δ0 ura3Δ0 DHR1-linker-tev-alfa tag-3c-mCherry under hygromycin B selection and KRE33-linker-tev-GFP under nourseothricin selection), the second strain containing only C-terminal tandem 3C protease-cleavable mCherry and TEV-cleavable alfa peptide tag on DHR1 (MATa
his3Δ leu2Δ0 met15Δ0 ura3Δ0 DHR1-linker-tev-alfa tag-3c-mCherry under hygromycin B selection) and the third strain containing C-terminal tandem 3C protease-cleavable mCherry and a TEV-cleavable alfa peptide tag on DHR1 along with TEV-cleavable C-terminal GFP-tag on UTP7 and C-terminally streptavidin-binding-peptide (sbp) tag on UTP14 (MATa
his3Δ leu2Δ0 met15Δ0 ura3Δ0 DHR1-linker-tev-alfa tag-3c-mCherry under hygromycin B selection and UTP7-linker-tev-GFP under G418 selection and UTP14-linker-SBP under nourseothricin selection). The three strains were generated with standard genomic tagging techniques using the following primers for yeast genomic tagging: DHR1 forward primer, TCACCAGAAAGGGCTTCCAGACCATCACAGGTGAAGAGAAAGAAAAAAAAACGCTGCAGGTCGACGGATCC; DHR1 reverse primer, TTAAGTGGTTGCAATTATTTGATGCCCTAGATAGGAATAATGTATTCTTCGGCAGATCCGCGGCCGCATAGG; Kre33 forward primer, AAGAGATGAAAGCTATGAAAAAACCAAGAAAGTCTAAAAAGGCTGCAAATACGCTGCAGGTCGACGGATCC; KRE33 reverse primer, TGTAAAGGTTCAAACATCAACTATGTTTCTATTCTATATTATTGTACAAAGGCAGATCCGCGGCCGCATAGG; UTP7 forward primer, TTTCAGAAGACCACAAGGATGTCATCGAAGAGGCATTGAGCAGATTCGGCACGCTGCAGGTCGACGGATCC; UTP7 reverse primer, GCTATATTAATATGCAATCGATTCTCATACTGTCAACTTTTTGAACATGAGGCAGATCCGCGGCCGCATAGG; UTP14 forward primer, TCATGACTAAGCCAGGCCAAGTTATTGATCCTTTGAAGGCACCATTTAAGACGCTGCAGGTCGACGGATCC; UTP14 reverse primer, ATTATTCCAGTATTACTATTCTACACAATGCATAATAAATAGATATAAAAGGCAGATCCGCGGCCGCATAGG.
The 3 strains were grown at 30 °C in YPD medium (1% yeast extract, 2% peptone and 2% glucose) to optical density of OD 1 measured at 600 nm. Cells were harvested at 4,000g for 5 min, washed once with 1 l of ice cold ddH2O and once with a volume of ddH2O supplemented with protease inhibitors (E64, pepstatin and PMSF) equal to the mass of the cell pellet. The final pellets of ~30–40 g were flash frozen in liquid nitrogen. Pellets were lysed by cryo-grinding using a Retsch Planetary Ball Mill PM100 and powder was stored at –80 °C.
Purification of SSU processome intermediates
Cryo-ground powder was resuspended with buffer 1 (60 mM Tris pH7.5, 50 mM NaCl, 2 mM MgCl2, 5% glycerol, 0.1% NP-40) with addition of PMSF, pepstatin and E64 protease inhibitors. The suspension was cleared by centrifugation at 4 °C and 40,000g for 20 min and lysate was incubated with 800 µl of packed NHS–Sepharose beads (Cytiva) coupled to anti-mCherry nanobodies for the first capture for all purifications and incubated for 3.5 h at 4 °C on a nutator. Beads were pelleted by centrifugation at 4 °C for 1 min at 127g. After five washes in buffer 1, complexes were eluted in buffer EB (60 mM Tris, 50 mM NaCl, 5 mM MgCl2, 2% glycerol, 0.01% NP-40) supplemented with 3C protease for 1 h at 4 °C. Beads were pelleted by centrifugation at 4 °C for 1 min at 127g and supernatant was eluted and incubated with 80 µl of packed NHS–Sepharose beads (Cytiva) coupled to anti-GFP nanobodies for second capture (Dhr1–Kre33 and Dhr1–Utp14 purifications). Anti-alfa nanobodies were used for a second Dhr1 (Dhr1 only). Beads were incubated for 1 h at 4 °C on a nutator and pelleted by centrifugation at 4 °C for 1 min at 127g and washed twice with 2 ml of Buffer EB. After the second wash, for Dhr1–Kre33 and Dhr1 only purifications, beads were pelleted and resuspended with 25 µl of Buffer EB supplemented with 1 mM DTT and TEV protease and incubated on ice for 1 h. Beads were pelleted by centrifugation at 4 °C for 10 min at 21,130g and the supernatant was collected. For Dhr1–Utp14 purification, after the second capture (here Utp7), beads were pelleted by centrifugation at 4 °C for 1 min at 127g and flowthrough was collected, the rest of the beads were discarded (this step was used to remove earlier contaminating complexes). The flowthrough was incubated with 40 µl of packed NHS–Sepharose beads (Cytiva) coupled to streptavidin for 1 h at 4 °C on a nutator. Beads were pelleted by centrifugation at 4 °C for 1 min at 127g and washed twice with 2 ml of Buffer EB. After the second wash, beads were pelleted and resuspended with 40 µl of Buffer EB supplemented with 1 mM DTT and 5 mM of d-biotin (Amresco) and incubated on ice for 20 min. Beads were pelleted by centrifugation at 4 °C for 10 min at 21,130g and the supernatant was collected.
Cryo-EM grid preparation and data acquisition
Cryo-EM grids were prepared using a Vitrobot Mark IV robot (FEI Company) set to 90% humidity and 18 °C temperature. Three and a half microlitres of the eluted solution was applied to a glow-discharged Quantifoil Au R3.5/1 with a layer of 2-nm ultrathin carbon (LFH7100AR35, Electron Microscopy Sciences). After 2.5 min incubation inside the Vitrobot chamber, the excess solution was manually blotted and a fresh sample of 3.5 µl was reapplied inside the Vitrobot chamber and incubated for another 2.5 min. The lower the concentration of particles of a given preparation, the higher the number of applications that were done on each grid. For the Dhr1 and Kre33 dataset, a total of five applications were done on each grid. The grid was then blotted (blot force of 8 and blot time of 9 s) and plunged into liquid ethane. For the Dhr1 dataset, a total of two applications were done for each grid. The grid was then blotted (blot force of 8 and blot time of 7 s) and plunged into liquid ethane and for the Dhr1 and Utp14 dataset, a total of 5 applications were done on each grid to achieve a good distribution of particles. The grid was then blotted (blot force of 8 and blot time of 9 s) and plunged into liquid ethane. Grids were imaged on a Titan Krios electron microscope (FEI) with an energy filter (slit width of 20 eV) and a K3 Summit detector (Gatan) operating at 300 kV with a nominal magnification of 64,000×.
SerialEM30 was used to collect four datasets. A total of 44,272 micrographs was collected for the Kre33–Dhr1 dataset, two datasets of Dhr1 were collected totalling 84,463 micrographs and 85,031 micrographs were collected for the Dhr1 and Utp14 dataset. All datasets were collected with a defocus range of −1 to −2.5 µm and a super-resolution pixel size of 0.54 Å. Micrographs contained 40 frames using a total dose of 25.3–30.8 e− pixel−1 s−1 (specimen pixel size of 1.08 Å per pixel) with an exposure time of 2–2.5 s and a total dose of 61.7–63.1e− Å−2. A multi-shot strategy was used to record nine micrographs per hole at each stage position with the same defocus range, electron dose and frame count.
Cryo-EM data processing Dhr1 and Kre33 dataset
The Dhr1 and Kre33 dataset was processed using a combination of RELION 5beta31 and cryoSparc32 v.4.6. A total of 44,272 movies was gain corrected, dose weighted and aligned, with each dataset having different optic groups and binned to a pixel size of 1.08 Å using RELION’s implementation of a MotionCor2-like algorithm33. Micrograph defocus was estimated using Gctf34. Particles were picked using Laplacian (autopick) in RELION 5beta and post 2D classification a total of 2,817,609 particles were re-extracted at a pixel size of 4.32 Å per pixel (4× binning) and underwent 3D classification in RELION 5beta with alignment using a reference map from previous datasets. Two good classes were combined, and duplicates were removed to result in 308,351 total particles. These particles were subjected to three rounds of contrast transfer function (CTF) refinement and Bayesian polishing in RELION 5beta. Post polishing all homogenous refinements were completed in CryoSparc v.4.6 and classifications were all done in RELION 5beta, particle positions from cryosparc were converted into RELION using pyem software csparc2star.py35. The polished particles were subjected to a homogenous refinements resulting in a reconstruction at a global resolution of 3.3 Å. To separate the states present in the consensus reconstruction, multiple 3D classifications without alignment were performed. This was followed by 3D variability36 in CryoSparc v.4.6 for analysis of the type of heterogeneity present in the data which guided the creation of a mask around the region of interest and further 3D classification without alignment on the region of variability. Eight distinct states (states A–G) were isolated from the dataset that showed unique features in the progression of maturation of the SSU processome pathway (Supplementary Fig. 1). The global resolution of the eight states ranged from 3–5.9 Å.
Cryo-EM data processing Dhr1 dataset
The Dhr1 dataset was processed using a combination of RELION 5beta31 and cryoSparc32 v.4.6. A total of 84,463 movies was gain corrected, dose weighted and aligned, with each dataset having different optic groups and binned to a pixel size of 1.08 Å using RELION’s implementation of a MotionCor2-like algorithm33. Micrograph defocus was estimated using Gctf34. Particles were picked using crYOLO 1.7.537 and post 2D classification a total of 13,198,550 particles were re-extracted at a pixel size of 4.32 Å per pixel (4× binning) and underwent heterogenous refinement in CryoSparc v.4.6 using a reference map from previous classification in RELION 5beta. One good class was isolated resulting in 1,933,969 total particles. These particles were subjected to three rounds of CTF refinement and Bayesian polishing in RELION 5beta. Post polishing all homogenous refinements were completed in CryoSparc v.4.6 and classifications were all done in RELION 5beta. Particle positions from cryosparc were converted into RELION using pyem software csparc2star.py35. The polished particles were subjected to a homogenous refinement resulting in a reconstruction at a global resolution of 3 Å. To separate the states present in the consensus reconstruction, multiple iterations of 3D classifications without alignment was performed. This was followed by 3D variability36 in CryoSparc v.4.6 for analysis of the type of heterogeneity present in the data which guided the creation of a mask around the region of interest and further 3D classification without alignment on the region of variability. Seven distinct states (states H–N) were isolated from the dataset that showed unique features in the progression of the disassembly of the SSU processome pathway (Supplementary Fig. 2). The global resolution of the seven states ranged from 2.65 to 4.3 Å.
Cryo-EM data processing Dhr1 and Utp14 dataset
The Dhr1 and Utp14 dataset was processed using a combination of RELION 5beta31 and cryoSparc32 v.4.6. 85,031 movies were gain corrected, dose weighted, aligned, with each dataset having different optic groups and binned to a pixel size of 1.08 Å using CryoSparc v 4.6 motion correction. Micrograph defocus was estimated using Patch CTF and particles were picked using a template picker resulting in a total of 27,069,273 particles which underwent heterogenous refinement and subsequent global and local CTF refinements, followed by reference motion correction. Post polishing all homogenous refinements were completed in CryoSparc v.4.6 and classifications were all done in RELION 5beta. Particle positions from cryosparc were converted into RELION using pyem software csparc2star.py35. The polished particles were subjected to a homogenous refinement resulting in a reconstruction at a global resolution of 2.9 Å. To separate the states present in the consensus reconstruction, multiple iterations of 3D classifications without alignment were performed. This was followed by 3D variability36 in CryoSparc v.4.6 for analysis of the type of heterogeneity present in the data which guided the creation of a mask around the region of interest and further 3D classification without alignment on the region of variability. state O was isolated from the dataset with global resolution of 3.25 Å that showed clear density for Utp14-bound Dhr1 (Supplementary Fig. 3).
Generation of focused and composite maps for model buildings
Composite maps for the total of 16 states were generated from combined focused maps to facilitate model building. Focused maps were generated using subtraction and refinement masks generated in CryoSparc v.4.6. Each focused map was made by particle subtraction with a masked region followed by masked local refinement. Local resolution estimation for overall and all focused maps and filtering of the overall map were performed using CryoSparc v.4.6. Focused maps were combined into a composite map using the ‘vop max’ command in ChimeraX38 (Supplementary Figs. 4–25).
Model building and refinement
A combination of AlphaFold structure predictions39, existing X-ray/EM structures, and de novo model building was used to build the 16 SSU processome assembly intermediates. A starting model (PDB: 5WLC and 6KE6) that included all ribosomal proteins and RNA was used as initial template for rigid body docking into the state H composite map since it is of highest resolution. All template ribosomal protein models were manually adjusted using COOT40. State H was then used as a template to build the proteins and RNA into the other 15 states with manual adjustments in COOT. The final models for the 16 states were real-space refined with three cycles of refinement in PHENIX using phenix.real_space_refine41 using secondary structure restraints for proteins and RNA. In regions with medium to low resolution, protein sidechains were trimmed to the Cβ position after all-atom refinement. The final model refinement statistics can be found in Supplementary Table 1. The maps and models were analysed and visualized in ChimeraX38.
SSU processome predictome
Proteins present within states A–O together with 14 exosome proteins were screened for binary interactions. The resulting 3,570 unique interactions were screened using the default settings in the AlphaPulldown23 implementation of Alphafold-Multimer22. For the SSU processome predictome (Fig. 2a) the median ipTM_pTM score of five models was plotted (Supplementary Table 3).
Yeast growth assays
The rrp6Δ utp14 Δ strain and rrp6Δ utp18 Δ utp14 Δ strain in the BY4741 background were used for all studies. These strains were transformed with two yeast centromeric vectors, one vector under URA3 selection bearing wild-type RRP6 and UTP14 derived from pRSII416 and second vector under LEU2 selection bearing wild-type RRP6 or rrp6 alleles containing mutations or c-terminal truncations in conjunction with UTP14 wild-type or utp14 alleles containing mutations derived from pRSII415. Strains carrying both pRSII415 and pRSII416 plasmids were selected on minimal medium (SD-Ura and Leu) after transformation. Colonies grown on the selection plates were selected and grown in minimal medium (SD-Ura and Leu) liquid cultures. Loss of the URA3 plasmid was done on minimal medium agar plates (SD–Leu + 5-FOA) plates by spotting serial tenfold dilutions (starting at OD at 600 nm of 1) of liquid cultures. Growth was monitored at 30 °C over a period of 5 days.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
Raw unaligned multi-frame movies and aligned micrographs have been deposited in the Electron Microscopy Public Image Archive: EMPIAR-13047. The cryo-EM maps and atomic models have been deposited in the Electron Microscopy Data Bank (EMDB) and the Protein Data Bank (PDB): state A (EMD-49075, PDB 9N6V), state A* (EMD-49076, PDB 9N6W), state B (EMD-49077, PDB 9N6X), state C (EMD-49078, PDB 9N6Y), state D (EMD-49079, PDB 9N6Z), state E (EMD-49080, PDB 9N70), state F (EMD-49082, PDB 9N72), state G (EMD-49083, PDB 9N73), state H (EMD-49084, PDB 9N74), state I (EMD-49085, PDB 9N75), state J (EMD-49086, PDB 9N76), state K (EMD-49087, PDB 9N77), state L (EMD-49088, PDB 9N78), state M (EMD-49089, PDB 9N79), state N (EMD-49090, PDB 9N7A) and state O (EMD-49091, PDB 9N7B).
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Extended data figures and tables
Extended Data Fig. 1 Cryo-EM maps and models of the SSU processomes.
(a) Composite cryo-EM maps and (b) atomic models colored by protein components highlighting stepwise maturation of the SSU processome.
Extended Data Fig. 2 rRNA compaction and folding events across states.
(a) Compaction of the 18S 5′ domain from States A-C side view (left) and top view (right). Labeled RNA elements are color coded. Arrows highlight compaction between states A and C. (b) Simplified rRNA folding events leading up to A1 cleavage. (c) Compaction of the central and 5′ domains during states I-M.
Extended Data Fig. 3 Molecular proofreading for A1 cleavage during SSU processome maturation.
Detailed views involving states prior to (States C, D, E) and after A1 cleavage (State G) with color-coded proteins. The A1 cleavage site, U3 architectural sites, and active site of Utp24 are highlighted and flexible interactions indicated by dashed lines.
Extended Data Fig. 4 Yeast SSU processome predictome.
(a) Color coded yeast SSU processome predictome between assembly factors (AFs), ribosomal proteins (RPs) and RNA exosome proteins (EXO). Key interactors of Mpp10, Kre33, Utp14, Dhr1 and Bfr2 are color coded. (b) State C containing proteins listed in (a). (c) State H containing proteins listed in (a). (d) Sas10-domain containing Rrp6/Rrp47 complex and predicted Bfr2-Lcp5, and Mpp10-Sas10 complexes. The schematic of Mpp10 contextualizes predictions of Mpp10 interactors. (e) Mutually exclusive interactions with Kre33 (human NAT10) predicted for Bms1 and Faf1 (human C1orf131). (f) Predictions of Dhr1/DHX37 interactions. Mutually exclusive binding of Pno1 and Utp14 to yeast Dhr1 are highlighted. Elements of human UTP14 known to activate human DHX37 (MIDL, MIEF)19 are indicated. Confidence levels (pLDDT) are color coded for each protein.
Extended Data Fig. 5 Yeast growth assays.
(a) Schematics of Utp18, Rrp6, Mpp6, and Utp14 with interacting and functional elements labeled with multi-Ala mutations used in this study as well as an alignment to Mpp6 exosome recruitment motif, indicated in grey. Designed truncations of Rrp6 lasso (bottom left) with interacting and functional elements labeled. Locations of all alanine substitutions for Utp18, Rrp6, and Utp14 are indicated on the right. (b) Growth analysis of Utp18 multi-Ala mutant in Δrrp6 and Δutp14 background (top and middle panels) and Utp18 WT in Δrrp6 and Δutp14 background (bottom panel). Growth assay using WT, truncations and mutant Rrp6 or Utp14 constructs in the absence of genomic Rrp6 and Utp14. Colonies sequenced are indicated on the right of the growth assays.
Extended Data Fig. 6 Functional elements of Utp14, Rrp6, Utp18 and Dhr1.
(a) Schematics of Utp14, Utp18 and Rrp6 across States A-O. Utp14 functional sequence elements structured, bound, relocated, or activating are indicated on the left and the presence/absence of Utp18 is indicated in the middle. Visible regions of the Rrp6 C-terminus (lasso) are indicated on the right. (b) Binding of Rrp6 lasso to ribosomal proteins S24 in State L. (c) Rrp6 exclusion by ES6D and S4 in State M. (d) State C highlights the initial binding of the Rrp6 lasso and the initial sequestration of Utp14 elements a and b that later recruit Dhr1. (e) Previously characterized mutations18,42 mapped onto Dhr1 and Utp14 represented in State O. Functional elements of Utp14 are shown in orange. (f) Mode of Dhr1 activation by Utp14 in State O. (g) Mode of activation of DHX15 by G-patch protein NKRF (PDB: 6SH7).
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Supplementary Table 1
Cryo-EM data collection and refinement statistics.
Supplementary Table 2
Proteins present in states A–O with their UniProt IDs and chain IDs indicated. Ribosomal proteins are shaded in grey, ribosome assembly factors in green and RNA exosome components in pink, proteins that should be present but are not visible in the structure are indicated.
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Yeast SSU processome median ipTM_pTM scores.
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Abstract
As a member of the G protein-coupled receptor superfamily, the μ-opioid receptor (MOR) activates heterotrimeric G proteins by opening the Gα α-helical domain (AHD) to enable GDP–GTP exchange, with GDP release representing the rate-limiting step1,2. Here, using pharmacological assays, we show that agonist efficacy correlates with decreased GDP affinity, promoting GTP exchange, whereas antagonists increase GDP affinity, dampening activation. Further investigating this phenomenon, we provide 8 unique structural models and 16 cryogenic electron microscopy maps of MOR with naloxone or loperamide, capturing several intermediate conformations along the activation pathway. These include four GDP-bound states with previously undescribed receptor–G protein interfaces, AHD arrangements and transitions in the nucleotide-binding pocket required for GDP release. Naloxone stalls MOR in a ‘latent’ state, whereas loperamide promotes an ‘engaged’ state, which is structurally poised for opening of the AHD domain and subsequent GDP release. These findings, supported by molecular dynamics simulations, identify GDP-bound intermediates and AHD conformations as key determinants of nucleotide exchange rates, providing structural and mechanistic insights into G protein activation and ligand efficacy with broad implications for G protein-coupled receptor pharmacology.
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Main
Among the superfamily of G protein-coupled receptors (GPCRs), MOR stands out as one of the most clinically important, and is extensively targeted for pain management3,4. However, the high abuse liability and association with life-threatening side effects of MOR-targeting agonists has made addressing these concerns a priority in current drug development strategies5,6,7. Several modulators are available to treat opioid overdose, with naloxone as the therapeutically most widely deployed example8. It is commonly considered an antagonist, whereas some previous literature has demonstrated low efficacy partial agonist activity9,10,11. Partial agonists have generally emerged as promising candidates for achieving safer therapeutic profiles, over conventionally used MOR agonists12. However, the ability to design ligands with customized efficacy is limited by an incomplete mechanistic understanding of how different levels of agonism are transmitted intracellularly.
Opioid agonists regulate signalling by binding to opioid receptors, which primarily signal through Gi/o-type G proteins. MOR-mediated signalling involves an interaction with the G protein that promotes the transition of the G protein from its inactive GDP-bound heterotrimeric form (Gαβγ) to an active state, in which GTP replaces GDP and the complex dissociates into GTP-bound Gα and Gβγ subunits. The rate-limiting step in this process is the release of GDP from the Gα subunit, which is tightly bound under resting conditions1,2. Following activation, the subunits then engage downstream effectors to propagate signals such as adenylyl cyclase inhibition and potassium channel stimulation. In the Gα subunit, nucleotide binding, exchange and GTP hydrolysis are governed by conserved structural motifs at the interface between the Ras-homology domain (RHD) and AHD. Motifs on the RHD that coordinate nucleotides include the TCAT motif in the β6–α5 loop and the P loop on α1, which binds the nucleotide phosphates. On the AHD, Switch I together with αE and αF provide extra coordinating contacts. Receptor-induced extension, rotation and translation of the α5 helix into the receptor are proposed to destabilize nucleotide binding, facilitating GDP release13.
In GPCR pharmacology, ligands are classified on the basis of their mode and extent of modulation of downstream signalling, a property known as efficacy: antagonists block activation, full agonists produce maximal activation, partial agonists yield submaximal responses and superagonists yield supramaximal responses, relative to a reference agonist14. A central question in GPCR pharmacology therefore concerns how different levels of ligand efficacy are linked to conformational states of the receptor–G protein complex. Although a variety of models have been proposed in the literature, the varying capacity of agonists to activate heterotrimeric G proteins has been linked to decreasing GDP affinity, increasing GTP affinity or a combination thereof2,15,16,17,18. In the past, several groups have reported a direct correlation between the efficacy of GPCR agonists and a corresponding decrease in GDP affinity at the cognate G protein16,17,19,20,21. Further, single molecule Förster resonance energy transfer spectroscopy and double electron–electron resonance experiments at MOR described a correlation between ligand efficacy and GDP release rates, by modulating the equilibrium of nucleotide-bound receptor–G protein complex states18,22. In summary, GDP-bound states have a critical role in G protein activation. However, high-resolution structural snapshots of these intermediate states have thus far been lacking, limiting our mechanistic understanding of GPCR signalling. Here we report pharmacological assays, single particle cryogenic electron microscopy (cryoEM) experiments and molecular dynamics (MD) simulations, confirming that efficacy is indeed correlated with GDP release rates, which are modulated by the stabilization of specific conformational states.
GDP affinities correlate with MOR ligand efficacy
To investigate the contradictory description of naloxone efficacy, we initially performed in vitro signalling assays. We deployed bioluminescence resonance energy transfer (BRET)-based biosensors monitoring the status of the G protein heterotrimer23,24 (TRUPATH), receptor–G protein (RG-BRET)23,25, the ONE-GO toolkit26 and a cyclic AMP (cAMP) biosensor (GloSensor) as a downstream signalling assay. In these assays, we used the inverse agonist alvimopan, naloxone, partial agonist mitragynine pseudoindoxyl, the reference full agonist (d-Ala2, N-MePhe4, Gly-ol)-enkephalin (DAMGO) and the superagonist loperamide (Lop). Naloxone fell within the range of efficacies between alvimopan and mitragynine pseudoindoxyl, unequivocally confirming partial agonist activity in all assay systems, ranging from 10% to 30% (Extended Data Fig. 1a–d). To confirm partial agonism of naloxone at MOR, we conducted radioligand binding experiments using [³H]naltrexone, a close chemical analogue of naloxone, which showed a decrease in binding affinity with increasing concentrations of GDPβS (Ki 0.35 nM → 27.2 nM, Extended Data Fig. 1e). This is in agreement with pioneering work that showed that opioid agonist binding is negatively affected by the presence of nucleotides, although naloxone binding was shown to be unaffected by nucleotides in these studies27.
Next, we tested the hypothesis linking ligand efficacy to nucleotide binding affinities by adopting the RG-BRET assay23. In this assay, which we coined ‘nuc-BRET’, we detect nucleotide dose-dependent changes in BRET signal, as a proxy of nucleotide affinities. To minimize the competition with endogenous nucleotides, we permeabilized cells expressing MOR–Rluc8 and Gαi1β1γ2–GFP2 with digitonin, and hydrolysed nucleotides using apyrase. Next, we carried out a nucleotide dose–response experiment, using non-hydrolysable nucleotide derivatives (GDPβS and GTPγS, Extended Data Fig. 2a–g). MOR in the apo state showed a GDPβS half-maximal effective concentration (EC50) of 57 ± 14 nM (GTPγS 3.8 ± 0.18 nM). Confirming the effect of agonists on decreasing GDP affinities, we observed a roughly 30-fold increase in GDPβS EC50 of 1.7 ± 0.7 µM with loperamide (GTPγS 25 ± 4.4 nM). Alvimopan increased the affinity below the apo condition with GDPβS EC50 of 14.7 ± 10 nM (GTPγS 4.1 ± 0.73 nM), all remaining compounds showed a detectable decrease, including naloxone with GDPβS EC50 of 89 ± 8.5 nM (GTPγS 3.9 ± 0.36 nM), mitragynine pseudoindoxyl with GDPβS EC50 of 150 ± 39 nM (GTPγS 2.0 ± 0.64 nM) and DAMGO with GDPβS EC50 of 0.7 ± 0.16 µM (GTPγS 11.6 ± 4.1 nM). All agonists had a modest but consistent negative effect on GTP affinities. These findings provide a clear link between ligand efficacy and GDP affinities. To further validate our findings in the cellular context, we performed experiments with intact cells (Supplementary Fig. 1a,b). We observed the same overall trends, however, signal changes for alvimopan and naloxone were too small to interpret, probably due to the competition with endogenous nucleotides.
Average cytoplasmic concentrations are estimated at 50 µM of GDP and 500 µM of GTP28, suggesting a constant competition pressure between the two nucleotides. We next adopted our nuc-BRET assay to mimic this competition, with increasing concentrations of GDPβS (0 µM, 0.01 µM, 0.1 µM and 1 µM), while determining GTPγS EC50s. The EC50 for GTP in the apo condition ranged from 2.9 ± 0.68 nM to 13 ± 2.0 nM, alvimopan 4.5 ± 0.58 nM to 39 ± 5.3 nM, naloxone 3 ± 0.89 nM to 17 ± 3.9 nM, mitragynine pseudoindoxyl 5 ± 0.82 nM to 12 ± 3.55 nM, DAMGO 8.7 ± 2.4 nM to 16 ± 5.1 nM and loperamide 26 ± 5.9 nM to 45 ± 6.02 nM. Although all conditions showed some degree of competition, GTP binding was only minimally affected in the agonist bound state and was more affected in the presence of an inverse agonist (Extended Data Fig. 2e), suggesting that inverse agonists act by enhancing the competition between the two nucleotides. Finally, we show a clear inverse correlation between signalling efficacies across all signalling assays and the respective GDPβS EC50s (R2 = 0.86, Extended Data Fig. 2h).
Snapshots of the MOR–G protein activation pathway
To gain mechanistic insights into GDP affinity modulation, we next turned to single particle cryoEM experiments (Extended Data Figs. 3–6). On the basis of our nuc-BRET experiments, we speculated that we would be able to capture GDP-bound MOR–Gi complexes, using wild-type receptor and G protein sequences. To prepare GDP-bound specimens, we incubated nucleotide-free complexes bound to either naloxone or loperamide, before grid freezing with 100 µM GDPβS for 1 h on ice (‘re-bound GDP’). Our rationale for this protocol (‘re-bound GDP’) is based on a rich history of experimental approaches in GPCR pharmacology. Given that GDP release and binding are thought to be reversible18,29,30, many experimental strategies begin with nucleotide-free complexes, followed by the supplementation with GDP, to investigate the role of GDP-bound GPCR–G protein complexes. These include radioligand binding27,31, [35S]GTPγS binding15,32, single molecule Förster resonance energy transfer spectroscopy21,22, hydrogen/deuterium exchange mass spectrometry33,34, BRET assays35,36 and structural biology experiments37. To validate our findings, we also performed control experiments with GDP present at all times during the purification (‘constant GDP’), as outlined below (Extended Data Fig. 6). We confirmed that cellular concentrations of Mg2+ had no detectable effect on GDP affinities, while significantly improving GTP affinities (Extended Data Fig. 2f,g) and, hence, omitted Mg2+ from our biochemical preparations of GDP-bound MOR–Gαi complexes.
Conformational changes driving GDP release
Using a single particle cryoEM pipeline, we obtained six conformational states along the MOR activation pathway. Among these, we observed four distinct GDPβS-bound states, obtained from the respective specimen (Fig. 1a), providing structural snapshots of the initial steps of G protein engagement and activation. We named these states latent, engaged, unlatched and primed, between which we observed a series of conformational rearrangements showing a progressive decrease in the number of GDP-coordinating residues (Fig. 3b). In addition, to obtain data points before G protein coupling and after nucleotide release, we determined an inactive MOR (3.4 Å) and a nucleotide-free MOR–Gi structure (3.0 Å). Considering underlying mechanisms of ligand efficacy, throughout the article, we are describing a detailed comparison between: (1) naloxone ‘latent’ (3.8 Å), (2) loperamide ‘engaged’ (3.2 Å), (3) loperamide ‘unlatched’ (3.2 Å) and (4) loperamide ‘primed’ (2.9 Å). Starting with this series of structures, we also performed extensive MD simulations.
Fig. 1: Structural snapshots of MOR along the initial steps of the G protein activation pathway.

a, Overview of cryoEM reconstructions of MOR and MOR–Gαi1 complexes in complex with naloxone or loperamide in six conformational states, with or without GDPβS present: (1) inactive, (2) latent, (3) engaged, (4) unlatched, (5) primed and (6) nucleotide-free. b,c, Corresponding densities of GDPβS in G protein structures. b, Naloxone: latent, unlatched, primed. c, Loperamide: engaged, unlatched, primed. d, Naloxone in the orthosteric binding pocket across latent and primed states, with interacting residues highlighted in stick representation. e, Overlay of ligands in the orthosteric binding pocket. Naloxone across latent and primed structures, highlighting ligand pose; ‘shallow’ versus ‘deep’. Light green, latent; orange, primed. Loperamide across engaged and primed structures: yellow, engaged; orange, primed. f, Loperamide in the orthosteric binding pocket across engaged and primed state, with interacting residues highlighted in stick representation. wt, wild type.
Latent MOR–Gi

The initial engagement between inactive MOR and GDP–Gαi1β1γ2, occurs through a unique interface. Unlike all previously determined structures, the G protein is rotated by 60°, relative to the receptor (Fig. 2a–c), and is engaged through all three intracellular loops (ICLs): ICL1 with Gβ1 (Fig. 2d), ICL2 with the αN helix associating with R24 (Fig. 2e), compared with R32 in the nucleotide-free state (Fig. 2g), ICL3 interacts extensively with the α5 helix (Fig. 2f).
Fig. 2: Structural comparison of GDP-bound MOR–Gαi intermediate states for latent versus engaged conformations during G protein activation.

a, Structural models (side view) highlighting MOR–Gαi1 interface between the latent and engaged state. Inset highlights ordered C-terminus of Gαi1, engaging with TM5, TM6 and ICL3. Red, interacting residues within 4 Å between MOR and Gαi1β1γ2, highlighting the rearrangement of interactions through ICLs. b, Structural models (top view) highlighting MOR–Gαi1 interface between the latent and engaged state, with an outline of the receptor in black. Coloured, dashed boxes highlight ICL interfaces (green, ICL1; orange, ICL2; purple, ICL3). c, Cartoon representation of the MOR–Gαi1 in both states, with arrows highlighting the drastic rearrangement of the Gαi protein heterotrimer, relative to MOR. d, Latent, ICL1 interaction with Gβ1 residues. e, Latent, ICL2 interaction with αN. f, α5 interaction with TM5 and TM6, ICL3. g, Engaged, ICL2 interactions with αN. h, α5 interaction with TM6, TM7 and H8. i, MD simulations of latent and engaged states. The opaque model highlights the initial model used for the MD simulation, and the transparent structures are obtained from randomly selected subsequent frames. j, MD simulations of latent and engaged states of the MOR–Gαi1 interface. Plots represent the average number of contacts (more than 4.5 Å) across all five MD trajectories of the respective state above 1 µs. k, Mutagenesis RG-BRET experiments of unique residues for each state (latent versus engaged) showing normalized efficacy, relative to the wild-type construct. Bar plots depict mean Δefficacy values from n = 3 biologically independent experiments.
Source data
An initial step in G protein activation is breaking of the ‘hydrophobic core’ of the Gα subunit, formed between the α5, β2–β3 and α1. This occurs during the extension of α5 into the receptor core and has been linked to GDP release13 (Fig. 3c,d). ICL3 shows contacts with several motifs that are part of, or connected to, this hydrophobic core (Fig. 2f). Comparing the latent state G protein to the receptor-free GDP–Gαi1β1γ2 (PDB: 1GP2), we observe important differences. In contrast to GDP–Gαi1β1γ2, the C-terminal α5 helix in the latent state, is extended and fully resolved (Fig. 2a). The four terminal residues protrude into the detergent micelle, and engage with the cytoplasmic ends of transmembrane (TM) helices TM5 and TM6. The terminal F354 is surrounded by TM6 residues R2756.28, R2786.31, R2826.35 (superscript values indicate Ballesteros–Weinstein numbering for GPCRs38), as well as T2816.34, which all have a critical role in coordinating the conserved DRY motif39, indicative of a regulatory role of this interaction (Fig. 2f).
Fig. 3: Comparison of Gαi1 and its nucleotide-binding pocket across conformational states preceding GDP release.

a, Overlay of Gαi subunit structures across receptor-free GDP–Gαi1β1γ2 (PDB ID 1GP2), latent, engaged, unlatched and primed states. b, Contact map highlighting interactions of Gαi residues with GDPβS across the five observed states. Contacts were determined by LigPlot+ (ref. 53) and the number of contacts is colour coded for the respective state and residue (light red 0 to dark blue more than 7 interactions per residue with GDP). Boxes (solid) in the first row represent backbone interactions. Boxes (solid) in the second row represent side-chain interactions. Boxes (dashed) in the third row represent hydrogen bonds (H bonds): only the total numbers of hydrogen bonds are shown in the centre. c, Overview of the hydrophobic core of Gαi, including α5 helix, α1 and α3, highlighting conformational changes across transition from latent to engaged state. Specifically, the translation of the α5 helix towards the receptor core, and a partial retraction of the TCAT loop. d, Overview of the hydrophobic core of Gαi, including α5 helix, TCAT loop, α1 and α3, highlighting conformational changes across three conformational states (engaged, unlatched, primed), and most importantly translation and rotation of α5, resulting in retraction of the TCAT loop, and rearrangement of β6. e, αF transition and α1 movement across latent, engaged and primed states, required for GDP release. f, Successive change in relative angle between Gα and Gβ subunits. g, Comparison of SwI, P loop and SwIII across states. h, Nucleotide-binding pocket, highlighting rearrangements of E43 and R178 from a closed ‘seatbelt’ conformation in GDP–Gαi1β1γ2 (PDB ID 1GP2) to latent state. i, Nucleotide-binding pocket, highlighting R178 protruding towards Mg2+ binding pocket in the engaged state, compared with GTP-bound Gαi1 (PDB ID 1GIL). j, α1, TCAT and P loop transitions towards the nucleotide-free state.
The most intricate aspect of the latent interface is between ICL3 and key motifs of the Gαi heterotrimer (Fig. 2f). ICL3 and TM6 protrude into the cleft between Gαi and Gβ1. It is lined by residues R265, M266, S268, K2716.24, interacting with residues on the α5 helix, αN helix and D261 (Fig. 2f). Our MD simulations confirm that the receptor–G protein interface observed in this latent state is stable, showing a similar total number of interacting residues as the nucleotide-free-state interface, but fewer average numbers of contacts (Fig. 2j). To validate this binding interface, we carried out mutagenesis experiments of residues that are unique to the latent versus engaged/‘active-like’ state (Fig. 2k). Most of these tested mutants showed reduced ligand efficacy, confirming that this state has a physiological role in signalling.
Compared with GDP–Gαi1β1γ2, many backbone and side-chain interactions between the G protein and GDP remain intact in the latent state, including E43-T48 (P loop), K270, E272, L273 (β5/αG), C325-T327 (TCAT loop) of the RHD and D150-S151 (αD-αE loop), R176 (αF) and R178 (SwI) of the AHD (Extended Data Fig. 7b,h). However, we see a significant overall decrease of backbone (29 to 19) and side-chain (58 to 45) interactions. These are, in part, explained by a partial or complete loss of side-chain contacts of E43 (P loop), D150 (αD-αE loop) and N269 (NKxD) (Extended Data Fig. 7b). Conversely, residues R176 (αF) and R178 (SwI) gain side-chain interactions (Fig. 3b and Extended Data Fig. 7b,h). Binding of receptor-free Gβγ to Gαi1, promotes hydrogen bond formation between E43 and R178, stabilizing a ‘seatbelt’-like conformation that occludes the nucleotide-binding pocket and may hinder GDP release40 (Fig. 3h and Extended Data Fig. 7a,g). In the latent state, E43 loses this interaction, whereas R178 coordinates the phosphate groups of GDP, analogous to the GDP-bound monomeric Gαi41 (Fig. 3h) and the scFv16-bound GDP–Gαi heterotrimer structure42. This transition was also predicted to be required for GTP binding and hydrolysis43. Furthermore, D150 loses most of its non-polar contacts with the ribose and the guanine groups (Fig. 3b and Extended Data Fig. 7b,h). The above rearrangements in the latent structure suggest a potential nucleating point for GDP release, and the initiation of the AHD opening. Confirming this hypothesis, although four MD trajectories closely resemble receptor-free GDP–Gαi1β1γ2, we observed transient AHD opening (Extended Data Fig. 8k and Supplementary Video 1).
Engaged MOR–Gi

On transitioning to the ‘engaged’ state, the G protein undergoes an extension of the α5 helix by 14 Å, rotation by 60° around its longest axis, translation towards MOR by 6 Å and sinks into the RHD by 3 Å (Fig. 3d,e), resulting in an interface identical to the nucleotide-free state. At the same time, MOR shows all classical features of activation. These include the opening of TM6, accompanied by canonical conformational rearrangements in microswitch motifs. These rearrangements are accompanied by the disruption of critical G protein–nucleotide contacts and displacement of the conserved F336 from its hydrophobic pocket formed by β2, β3 and α1, altering the network that stabilizes GDP binding (Fig. 3). The engaged state remains in a closed AHD conformation, although showing a rotation relative to the RHD by 13° towards αN, and straightening of αA (Fig. 3a,e). Within the nucleotide-binding pocket, this state shows a partial retraction of the TCAT loop, whereas the C325 hydrogen bond with GDP remains intact (Fig. 3b,j). On its translation towards the receptor, F334 on α5 points towards the TCAT loop, and H322 on β6 remains pointing towards the Gαi C terminus (Fig. 3c,d). The α1/P loop moves towards TCAT by 1.2 Å, and continues on this trajectory throughout the next conformational states. Coinciding with the AHD rotation, we observe interesting conformational changes. The R176 rotamer on αF tilts up by 20° towards TCAT. D150 on αE loses the remaining hydrophobic contacts with GDP, whereas the only remaining AHD residue interacting with GDP is S151 (Fig. 3b and Extended Data Fig. 7c,i). Furthermore, it results in a reconfiguration of the SwI motif. SwI is partly open and splays towards α1, resulting in a rotation of R178 by almost 90°. The guanidinium group of R178 now occupies the cavity that forms the Mg2+ pocket (Protein Data Bank (PDB) 1GIL, ref. 44) (Fig. 3i) resulting in an ionic interaction with D200 from β3 and the β phosphate. This R178 conformation remains stable across all five MD trajectories (Extended Data Fig. 8k). Overall, we observe a loss of backbone (19 to 18) and side-chain (45 to 34) interactions with GDP (Fig. 3b and Extended Data Fig. 7c,i). Given that the SwI coordination of GDP is critical for maintaining a closed AHD conformation, the rearrangements observed in this transient state probably initiates AHD opening. In agreement with this hypothesis, we observed that three MD trajectories resulted in a transient opening of the AHD and one trajectory showed complete opening (Extended Data Fig. 8c,h,k and Supplementary Video 1).
Unlatched MOR–Gi

The unlatched state adopts a dynamic AHD, analogous to previous nucleotide-free-state MOR–G protein structures. Despite a series of conformational changes around the nucleotide-binding pocket, we observed an unambiguous density for GDP (Fig. 1c). Residues F334 and H322 each undergo a rotamer flip, where F334 now points towards the Gαi C terminus, whereas H322 points towards TCAT. This is indicative of the final transition of the TCAT towards its fully retracted form, coinciding with the opening of the AHD (Fig. 3a,d,j). The transition also results in a loss of all residues from the AHD and SwI, including S151, R176 and R178. Furthermore, we observe a release of P loop backbone interactions of S44 and G45 with GDP (Fig. 3b and Extended Data Fig. 7d,j). As a consequence of these losses in coordination (18 to 10 backbone, 34 to 22 side chain, 8 to 4 hydrogen bonds), GDP moves out of its pocket by roughly 2 Å (Extended Data Fig. 7d,j). α1 further moves towards α5, replacing hydrophobic contacts with polar interactions from the displaced β6–α5 loop (Fig. 3d,e,j and Extended Data Fig. 7d,j). The terminal two residues of α1, I56 and H57, involved in the hydrophobic core, disorder as a result of the AHD opening (Fig. 3d,e). The helix moves towards α5, identical to nucleotide-free, and Q52 supports the TCAT loop (Fig. 3e). One interesting observation is that the loop T128-E130 on Gβ1, which is poorly resolved in previous states40, now shows a well resolved density, with a retracted conformation relative to the latent and engaged states, in response to AHD opening (Extended Data Fig. 9e–h). In our MD simulations, the unlatched state shows the most heterogeneous mixture of AHD conformations, ranging from fully open to fully occluded. In the open AHD trajectories, we observed the guanine group release, while the nucleotide remains bound through its phosphate groups (Extended Data Fig. 8i,k and Supplementary Video 1). This overall heterogeneity could explain the disordered AHD density in this cryoEM reconstruction, whereas transiently occluded states may limit GDP release.
Primed MOR–Gi

The next transition shows an ordering of the open AHD, in which the linker and the AHD are well resolved and lined against the Gβ1 subunit. Two key residues in this interaction are R134 and R137 of Gβ1, which coordinate the AHD. The connected β strand (βD2) is translated and rotated, relative to the ‘inactive’ G protein states with a closed AHD (latent and engaged) (Extended Data Fig. 9e–h). This movement is required for the reorientation of R134. This loop conformation is also stabilized by scFv16, which could explain its ability to stabilize nucleotide-free complexes42 (Extended Data Fig. 9e). Within the nucleotide-binding pocket, the AHD opening results in a retraction of αF towards Gβ (Fig. 3a,e), resulting in increased dynamics of α1, which is further confirmed in our MD simulations (Extended Data Fig. 8e,k). AHD dynamics are markedly reduced compared with the ‘unlatched’ state, indicating stable coordination by Gβ1. Confirming our hypothesis that the primed state shows the lowest affinity for GDP, our MD trajectories show the most heterogeneity for GDP (Extended Data Fig. 8j). In four trajectories, the guanine group is ejected, leaving the nucleotide bound only through phosphate interactions, and in one case, the nucleotide fully dissociates (Supplementary Video 1).
Nucleotide-free MOR–Gi

The last observed rearrangement towards the nucleotide-free state is a collapse of the P loop and its contraction by 4 Å, hampering GDP binding (Extended Data Fig. 7f,l). Within the G protein heterotrimers, we see a clear trend comparing the relative angle between the Gαi and β subunit, which progressively becomes flatter from the receptor-free to nucleotide-free state, with an overall change of roughly 15° (Fig. 3f). This finding is consistent with the ‘lever arm’ hypothesis for receptor-dependent G protein activation45,46.
Ligand dynamics during G protein activation
Comparing these cryoEM structures, we observed unambiguous densities for naloxone and loperamide in eight of our ten maps. A distinguishing feature between antagonists and agonists at opioid receptors is the relative elevation at which ligands bind within the orthosteric binding pocket47,48,49. Antagonists are consistently observed with a ‘shallow’ pose compared with agonists. In agreement with this, naloxone binds in a shallow pose within the receptor, in our two ‘inactive’ MOR conformations (Fig. 1e) compared with all subsequent states (Fig. 1d). By contrast, loperamide shows no significant movement in the orthosteric binding pocket, probably because our high-resolution loperamide-bound intermediate states all include ‘active-like’ receptor conformations (Fig. 1e,f). Overall, although the observed changes are subtle, they show a correlation of the ligand binding pose with the coordination of GDP.
Finally, as outlined above, our main protocol for determining the structure of GDP-bound complexes involves initially depleting the complex of nucleotides, followed by supplementing with GDP (‘re-bound GDP’). To rule out any potential artefacts in the resulting reconstructions, we purified GDP-bound Gαi heterotrimers in complex with naloxone-bound or loperamide-bound MOR (‘constant GDP’). In contrast to our ‘re-bound GDP’ protocol, we kept 200–500 μM GDP in all purification buffers (Extended Data Fig. 6a). These complexes readily withstood purification and yielded three-dimensional (3D) reconstructions consistent with each of the above-described states. In agreement with our hypotheses, the naloxone-bound ‘latent’ and the loperamide-bound ‘open AHD’ conformation, provided by far the highest resolution reconstructions. In summary, these findings strongly support the validity of our original approach and proposed mechanisms (Fig. 4 and Extended Data Fig. 6b,c).
Discussion
Here, we provide conformational snapshots along the initial steps of the MOR–G protein activation pathway, shedding light onto fundamental mechanisms of MOR pharmacology. We see a direct correlation between the ligand binding pose and conformational states of the G protein, before GDP release. In the ‘inactive’ receptor conformation, naloxone adopts a shallow pose within the orthosteric binding pocket, whereas in the ‘active’ conformation, both naloxone and loperamide engage significantly deeper within the pocket (Fig. 1d–f). This, in turn, suggests that ligands of increasing efficacy preferentially stabilize receptor conformations that facilitate nucleotide exchange47,48,49. We determined the structure of a latent MOR–G protein complex, capturing an early interaction state. Unlike previous structures, MOR interacts with the G protein through all three ICLs. Previous nuclear magnetic resonance studies suggested ICL1 dynamics increase on agonist binding, whereas full TM6 rearrangement requires the presence of a G protein50. Next, we determined an ‘engaged’ state structure of a GDP-bound ternary complex, with a fully extended α5 helix and a closed AHD. Our MD simulations show that the AHD is, however, transiently open in most trajectories (Extended Data Fig. 8c and Supplementary Video 1). The existence of this state indicates that α5 extension, AHD opening and GDP release occur sequentially, rather than simultaneously. We also captured two states with open AHDs (‘unlatched’ and ‘primed’), representing steps immediately before GDP release. Our MD results for the unlatched state, with a highly dynamic AHD, suggests that random collisions with the RHD may occlude GDP release. Finally, the primed state suggests a ‘trapdoor-like’ mechanism, in which the retraction of the AHD leads to a concomitant retraction of the αF helix, resulting in the most dynamic GDP coordination observed across all states (Extended Data Fig. 8j,k). In one ‘primed’ MD trajectory, this culminated in the ejection of GDP. Additionally, one ‘unlatched’ MD trajectory gradually adopts a ‘primed’ conformation, which also results in GDP release (Supplementary Video 1). As an ‘open AHD’ conformation was observed in all of our GDP-containing specimens, it suggests that this state might be more prominent than previously considered. The existence of the four GDP-bound intermediate states also suggests that GDP binding, under our experimental conditions, is reversible and does not necessarily lead to the dissociation of the ternary complex.
Our data indicate a model in which efficacy correlates with overcoming the rate-limiting step of G protein activation, GDP release, by shifting the equilibrium of receptor conformations (Fig. 4). Antagonists and partial agonists stall MOR–Gi complexes in the latent state, which probably shows relatively low GDP release rates, as most coordinating interactions remain intact (Fig. 3b). The agonist loperamide, however, readily progresses into the engaged state, which is structurally configured for AHD domain opening and subsequent GDP release, while reducing the likelihood of GDP rebinding (Fig. 4). As a result, more complexes stabilized by loperamide show lower GDP affinity, than those stabilized by naloxone. Nevertheless, we observed ‘open AHD’ states (engaged, unlatched and primed), even in our ‘constant GDP’ protocol, which suggests that these can indeed rebind GDP and are, under our experimental conditions, stable. Together, these findings demonstrate that GDP release is governed by the ligand through a modulation of the conformational landscape spanning inactive, latent, engaged, unlatched and primed states. Extending our framework, we propose that inverse agonists act by predominantly stabilizing the latent state, which could explain why, unlike agonists, MOR antagonist binding is unaffected by the presence of nucleotides27,51, analogous to our recent findings at KOR25. At present, we foresee a linear model for conformational rearrangements required for G protein activation, but it is possible that the observed states are connected through a variety of additional pathways. Although we cannot rule out that ligand binding might have any effect past the nucleotide-free state, we see no improvement in GTP binding affinities (Extended Data Fig. 2b). In fact, we see a decrease in GTP affinity for the superagonist loperamide, which further suggests that the primary mechanism of action for agonists is nucleotide release.
Fig. 4: Model of MOR-mediated G protein activation, in which ligand efficacy dictates binding pose and stabilization of specific conformational states, regulating GDP release rates.

Our data support a model in which efficacy is primarily driven by the transition from a signalling-silent ‘latent’ state to an ‘engaged’ state. This transition results in a hallmark ‘active-like’ MOR conformation and an extended α5 helix, despite the AHD remaining closed. The engaged state is structurally primed for subsequent AHD opening, which is essential for GDP release. Stabilization of the latent state probably reduces nucleotide exchange rates, approximating basal activity seen in receptor-free GDP–Gαi1β1γ2, whereas progression through downstream states accelerates GDP release, thereby enhancing G protein activation.
Our findings are complementary to single molecule Förster resonance energy transfer spectroscopy studies18,22 that showed that ligand efficacy correlates with changes in the equilibrium between ‘preactivated’ G protein (GDP-bound) MOR conformations, and fully ‘active’ conformations. Furthermore, our observed structures closely resemble recently described conformational states of MOR–Gαi complexes, post-GTP binding52. Our GDP-bound latent state closely resembles ‘G-ACT-2/3’, engaged ‘G-ACT-1’ and primed ‘primed’. The study observes highly similar conformational changes, including global rearrangements such as comparable MOR–G protein interfaces, accompanied by a gradual closure of the AHD. The only significant difference is that we do only observe subtle changes within SwII and no dissociation between subunits (Fig. 3g). However, it is not surprising that GDP release closely mimics conformational changes and states, required for GTP binding.
In summary, the present study sheds light on MOR ligand efficacy by revealing that ligands can stabilize distinct proportions of conformations, resulting in varying degrees of nucleotide exchange. It underscores the critical value of high-resolution structures of nucleotide-bound GPCR–G protein ternary complexes, offering experimental insight into intermediate conformations that underlie G protein functional selectivity at a level of structural detail that is not achievable by any other method. Given the observation of functionally selective intermediate states giving rise to specific pharmacological outcomes, this model may prove more broadly applicable across the GPCR superfamily.
Methods
Data reporting
No statistical methods were used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment.
Materials
Alvimopan, naloxone, mitragynine pseudoindoxyl, DAMGO and loperamide were purchased from Cayman Chemicals and MedChemExpress. Detergents were purchased from Anatrace. The radioligand [3H]naltrexone (specific activity 48.19 Ci per mmol) was generously provided by the National Institute on Drug Abuse Drug Supply Program. All other general laboratory reagents and chemicals were purchased from Millipore Sigma, unless otherwise stated.
Constructs
For recombinant protein expression, full-length human MOR was subcloned into a modified pFastBac1 vector with an N-terminal Flag, 10xHis-tag and thermostabilized b562RIL (ref. 54) along with a C-terminal TwinStrep tag55 and an extra 10xHis-tag. Both N-terminal and C-terminal tags are flanked by HRV-3C protease cleavage sites to allow tag removal. For the G-protein-free ‘inactive’ MOR structure, two point mutations M264L and K2696.24R in ICL3 were incorporated, to allow Nb6 binding56.
For all BRET assays, transient transfections of wild-type full-length human MOR were performed using the pcDNA 3.1(−) vector in human embryonic kidney 293F (HEK293F) mammalian cells. These receptor constructs were expressed under the cytomegalovirus promoter and included an N-terminal haemagglutinin signal peptide followed by a Flag tag. For TRUPATH24 and GloSensor assays, the MOR construct was untagged and contained no fusion elements. In the RG-BRET assay, Rluc8 was fused immediately after the C terminus of the wild-type MOR construct.
In TRUPATH assays24, a tricistronic vector encoding Gαi1, Gβ1 and Gγ2 was used, in which GFP2 was fused to the N terminus of Gγ2 and Rluc8 was inserted after residue G90 of the Gαi1 subunit23. For RG-BRET assays, a Gαi1β1γ2 construct was used with GFP2 fused to the N terminus of Gγ2. The pOZITX-S1 plasmid, used as a control in these assays, was obtained from J. Javitch (Addgene plasmid no. 184925).
Cell culture and transfections
HEK293F cells were cultured in FreeStyle293 Expression Medium (Gibco) at 37 °C with 5% CO2 and shaking at 110 rpm. For transfections, cells were seeded 1 day before and transfected at a cell density of 1.0 × 106 cells per ml using polyethyleneimine (PEI) with a DNA:PEI ratio of 1:2. For RG-BRET assays, MOR–Rluc8 and Gαi/Gβ1/Gγ2–GFP2 constructs were transfected at a 1:2 ratio. TRUPATH BRET assays used MOR and Gαi1–Rluc8/Gβ1/Gγ2–GFP2 transfected at a 1:1 ratio. When pOZITX-S1 was used, Gαi/Gβ1/Gγ2–GFP2 and pOZITX-S1 plasmids were transfected at a 1:1 ratio. For MOR–Gαi-mediated cAMP inhibition assays, cells were cotransfected with wild-type human MOR, along with a split-luciferase-based cAMP biosensor (GloSensor, Promega) at a 1:1 ratio.
BRET2 assays
For experiments with intact cells, cells were washed with assay buffer (20 mM HEPES pH 7.5, 1× HBSS) and transferred to white-bottom 96-well plates. For permeabilized cell assays, collected cells were washed twice with permeabilization buffer KPS (140 mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.1 mM KEGTA and 20 mM NaHEPES, pH 7.2). Cells were permeabilized using 10 μg ml−1 high-purity digitonin (GoldBio) and treated with apyrase (2 U ml−1, Sigma-Aldrich), optionally with increasing GDPβS concentrations, then transferred to 96-well plates containing the respective ligand in ligand buffer (20 mM HEPES pH 7.5, 1× HBSS, 0.1% BSA) or KPS for permeabilized cells.
Steady state BRET measurements were performed using a PHERAstar FSX multimode plate reader (BMG Biotech). BRET2-specific filters were used: emission 410 nm (80 nm slit) and emission 515 nm (30 nm slit). Coelenterazine 400a (5 μM; Nanolight) dissolved in NanoFuel Solvent was added to all wells immediately before measuring with Rluc8. Raw netBRET signals were calculated as the emission intensity at 515 nm divided by the emission intensity at 410 nm, with no normalization or further data treatment applied to reported results.
Each assay was conducted in at least three biologically independent (separate transfection) experiments, on different days, with all data points measured in triplicate. EC50 and half-maximal inhibitory concentration (IC50) values were calculated in GraphPad Prism 10 (v.10.6.0) by fitting the raw netBRET results from each experiment, followed by non-linear regression using the equations: y = Bottom + (Top − Bottom)/(\(1+{10}^{({\mbox{logEC}}_{50}-x)}\)) and y = Bottom + (Top − Bottom)/(\(1+{10}^{(x-{\mbox{logIC}}_{50})}\)).
cAMP inhibition assays
At 48 h post-transfection, cells were washed with assay buffer (20 mM HEPES, 1× HBSS, pH 7.4) and plated into 96-well white cell culture plates at a density of 200,000 cells in 90 μl per well. Ligands were prepared as 3× solutions in assay buffer (20 mM HEPES, 1× HBSS, pH 7.4). Media was aspirated and cells were incubated with 30 μl per well of drug buffer (20 mM HEPES, 1× HBSS, pH 7.4), followed by addition of 30 μl of 3× drug solutions for 15 min in the dark at room temperature. Cells then received 30 μl of luciferin (Goldbio, 4 mM final concentration) supplemented with isoproterenol (100 μM final concentration) to stimulate production of endogenous cAMP through β2 adrenergic Gs activation, and were incubated in the dark at room temperature. After 15 min, luminescence intensity was quantified using a PHERAstar FSX multimode plate reader (BMG Biotech). Data were plotted as a function of ligand or nucleotide concentration and analysed using log (ligand or nucleotide) versus response in GraphPad Prism (v.10.6.0).
Radioligand saturation binding assays
Radioligand binding assays were conducted using membrane fractions from HEK293F cells transiently expressing human wild-type MOR. For membrane preparation, cell pellets expressing human wild-type MOR and Gαi1-Gβ1-Gγ2 at a 1:1 ratio were gathered and resuspended in hypotonic buffer (10 mM HEPES pH 7.5, 10 mM MgCl2, 20 mM KCl supplemented with 2 mM AEBSF, 14 μM E-64, 1 μM leupeptin and 0.3 μM aprotinin). Cells were dounce homogenized and centrifuged at 175,000g in two rounds to obtain membrane fractions. Membrane protein concentration was determined to be roughly 4 mg ml−1 using a Bradford assay (Pierce). Aliquots were flash frozen in liquid nitrogen and stored at −80 °C until use.
Competition binding assays were setup in 96-well plates containing membrane fractions diluted to 0.15 mg ml−1, along with [3H]naltrexone at 2 nM and a ‘cold’ naltrexone dose (100 µM–10 pM), all prepared in binding buffer (10 mM HEPES, 10 mM MgCl2, 20 mM KCl, 0.1% BSA and 100 µM Bacitracin). Competition reactions were incubated for 1 h and terminated by vacuum filtration onto cold 0.3% PEI-soaked GF/A filters, followed by 3 rounds of washing with cold 50 mM HEPES (pH 7.50). Counts were read using a Microbeta2 plate reader (PerkinElmer) for 1 min per well. Results were analysed in GraphPad Prism v.10.6.0, and the inhibitor constant (Ki) was determined using the ‘One site - Fit Ki’ model equation: logEC50 = log(\({10}^{\mbox{log}{K}_{i}\times (1\,+\,\mbox{RadioligandNM}/\mbox{HotKdNM})}\)), y = Bottom + (Top − Bottom)/(\(1+{10}^{(x-{\mbox{logEC}}_{50})}\)).
MOR expression and purification
Recombinant expression of the pFastBac1-MOR constructs was carried out in Spodoptera frugiperda (Sf9) insect cells using the Bac-to-Bac expression system (Gibco). Recombinant baculovirus was added at a multiplicity of infection of 5 to Sf9 cells cultured at a density of 3–3.5 × 106 cells per ml in ESF921 medium (Expression Systems) supplemented with 1% (v/v) production boost additive. To enhance receptor surface expression and improve protein yield, 10 µM naloxone was added during protein expression. Cells were incubated for 48 h at 27 °C with shaking at 100 rpm, then collected by centrifugation, washed with PBS and stored at −80 °C until further use.
For membrane preparation, frozen cell pellets were thawed on ice and resuspended in hypotonic buffer (10 mM HEPES pH 7.5, 10 mM MgCl2, 20 mM KCl, with protease inhibitors: 2 mM AEBSF, 14 μM E-64, 1 μM leupeptin and 0.3 μM aprotinin). The suspension was homogenized using a glass dounce homogenizer and further treated with hypertonic buffer (hypotonic buffer + 1 M NaCl). Membranes were harvested by ultracentrifugation at 150,000g for 45 min at 4 °C. This washing and centrifugation process was repeated 2 more times, with 10 μM naloxone included in the final 2 washes. Final membrane pellets were homogenized in purification buffer (40 mM HEPES pH 7.5, 150 mM NaCl and 10 μM naloxone) supplemented with 20% glycerol and stored at −80 °C.
For protein solubilization, membranes were thawed in the presence of 2 mg ml−1 iodoacetamide and diluted in 2× solubilization buffer (40 mM HEPES pH 7.5, 150 mM NaCl, 1.0% w/v lauryl maltose neopentyl glycol (LMNG) and 0.1% w/v cholesteryl hemisuccinate (CHS)) and incubated for 8 h at 4 °C. Insoluble debris was removed by centrifugation at 150,000g for 1 h at 4 °C. The supernatant was incubated with M2 anti-Flag affinity resin (Sigma) for 2 h at 4 °C. The resin was washed with 20 column volumes of wash buffer (40 mM HEPES pH 7.5, 150 mM NaCl, 0.001% LMNG, 0.0001% CHS and 10 μM naloxone). Protein was eluted using the same buffer supplemented with 200 μg ml−1 DYKDDDDK peptide (GenScript). The eluate was concentrated and used for complex formation with Nb6M or heterotrimeric G proteins.
Expression and purification of Nb6M
Wk6 Escherichia coli (American Type Culture Collection) were transformed by heat shock with the Nb6 plasmid56,57 and grown overnight in starter cultures containing 100 μg ml−1 ampicillin. These cultures were used to inoculate 2 l of Terrific Broth supplemented with 100 μg ml−1 ampicillin and grown at 37 °C with shaking until log phase (optical density at 600 nm (OD600) between 0.5 and 1) was reached. Protein expression was induced with 1 mM isopropyl-β-d-thiogalactoside (IPTG), and cultures were incubated overnight at 28 °C. Cell pellets were gathered by centrifugation, washed with PBS and flash frozen in liquid nitrogen.
For purification, Nb6-containing pellets were thawed and resuspended in TES buffer (50 mM Tris pH 8.0, 0.5 mM EDTA, 20% w/v sucrose) at 15 ml per litre of culture, supplemented with protease inhibitor cocktail and incubated on an orbital shaker at 4 °C for 1 h. An extra 30 ml per litre of 1:4 diluted TES was added, followed by another 45 min of incubation at 4 °C. Cell debris was removed by ultracentrifugation at 100,000g for 30 min and the clarified supernatant was passed through a 0.45-µm filter. The filtered solution was supplemented with 20 mM imidazole and loaded onto a Ni-NTA affinity column prechilled to 4 °C.
The column was washed with 10 column volumes of wash buffer (250 mM NaCl, 50 mM Tris pH 7.5, 10 mM imidazole) and Nb6M was eluted with buffer containing 250 mM imidazole. Fractions were pooled, concentrated, supplemented with 10% glycerol and snap-frozen in liquid nitrogen.
Expression and purification of NabFab
Chemically competent E. coli C43 cells were transformed by heat shock with the NabFab plasmid58. A starter culture in Terrific Broth medium was inoculated and grown overnight at 37 °C with shaking. These cultures were used to inoculate 2 l of Terrific Broth supplemented with 100 μg ml−1 ampicillin and grown at 37 °C with shaking until log phase (OD600 between 0.5 and 1) was reached. Protein expression was induced with 1 mM IPTG, and cultures were incubated overnight at 28 °C. Cell pellets were collected by centrifugation, washed with PBS and flash frozen in liquid nitrogen.
For purification, thawed cell pellets were resuspended in lysis buffer (20 mM sodium phosphate pH 7.4, 150 mM NaCl, DNaseI, and protease inhibitor cocktail) and lysed by sonication. The lysate was heat-treated at 63–65 °C for 30 min and clarified by centrifugation at 20,000g for 30 min. The supernatant was loaded onto a Protein G column pre-equilibrated with 20 mM sodium phosphate, 500 mM NaCl, pH 7.4. NabFab was eluted with 0.1 M acetic acid and directly applied to a Resource S cation exchange column equilibrated in buffer A (50 mM sodium acetate, pH 5.0). The column was washed with five column volumes of buffer A, and NabFab was eluted using a 0–100% gradient of buffer B (50 mM sodium acetate, 2 M NaCl, pH 5.0). Eluted protein was dialysed overnight into 150 mM NaCl, 20 mM HEPES, pH 7.5 and concentrated to 3 mg ml−1 for complex formation.
Expression and purification of G proteins and scFv16
Wild-type Gαi1 was co-expressed with Gβ1 and γ2 subunits in Sf9 insect cells using the Bac-to-Bac system in ESF921 medium (Expression Systems). Cells were seeded at a density of 2 × 106 cells per ml and infected with P1 baculovirus at a multiplicity of infection ratio of 10:5 (Gαi1:Gβγ). After 48 h of incubation at 27 °C with shaking at 100 rpm, cells were gathered by centrifugation, washed with ice-cold PBS and stored at −80 °C until use. Gαi1βγ heterotrimers were purified using established protocols59,60. Frozen pellets were thawed and homogenized in hypotonic buffer containing 10 µM GDP and 5 mM β-mercaptoethanol, followed by centrifugation at 100,000g. The resulting pellet was solubilized for 90 min at 4 °C in a buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 1% sodium cholate, 0.05% DDM, 5 mM MgCl2, 5 mM β-mercaptoethanol, 15 mM imidazole, 10 µM GDP and protease inhibitors. Insoluble debris was removed by centrifugation at 150,000g for 45 min at 4 °C. The supernatant was loaded onto Ni-NTA resin and eluted with buffer containing 300 mM imidazole. The protein was concentrated using a 50-kDa cutoff centrifugal concentrator (Amicon) and further purified through anion exchange chromatography using a 1 ml HiTrap Q FF column (Cytiva).
The scFv16 single-chain antibody fragment was expressed in Sf9 cells at a density of 2 × 106 cells per ml with baculovirus infection at a multiplicity of infection of 5. After 72 h, culture media was collected by centrifugation at 1,000g for 15 min at 4 °C. The pH of the media was adjusted to 7.5 using 1 M Tris, followed by the addition of 1 mM NiCl2 and 5 mM CaCl2 to precipitate chelators. The precipitate was removed by ultracentrifugation at 100,000g. The clarified supernatant was incubated with Ni-NTA resin for 3 h, washed with buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 15 mM imidazole, 0.00075% LMNG and 0.000075% CHS, and eluted with the same buffer supplemented with 300 mM imidazole. The purified scFv16 was concentrated to roughly 10 mg ml−1 and stored at −80 °C.
Complexation of MOR and G protein heterotrimers
Purified MOR–naloxone was incubated with Gαiβγ heterotrimer at a 1:1.2 molar ratio for 1 h at room temperature. Apyrase was then added to catalyse hydrolysis of GDP (for ‘re-bound GDP’ and nucleotide-free specimen). For the nucleotide-free MOR structure, scFv16 was added at 1.2 molar excess. For the ‘constant GDP’ samples, the specimen was not treated with apyrase, and instead supplemented with 200 μM (naloxone) or 500 μM (loperamide) GDP in all subsequent purification buffers. The mixture was incubated at room temperature for 90 min. The complex was subsequently purified with an extra round of Flag resin, to separate from excess G protein by size-exclusion chromatography using a Superdex 200 10/300 column equilibrated with buffer containing 40 mM HEPES pH 7.5, 100 mM NaCl, 10 μM naloxone, 0.00075% LMNG and 0.000075% CHS. Peak fractions were pooled, concentrated and immediately used for cryoEM studies. For the inactive MOR structure, purified MOR was incubated with Nb6M and NabFab in molar excess of 2:1, incubated on ice overnight and finally purified by size-exclusion chromatography, with identical conditions described above.
CryoEM sample preparation, data collection and 3D reconstruction
MOR–Nb6–naloxone, MOR–Gi–naloxone, complexes in LMNG or CHS micelles were used immediately after concentrating the monomeric size-exclusion chromatography peak to 1–2 mg ml−1 using a 50-kDa cutoff Amicon concentrator. For cryoEM grid preparation, 3 µl of purified protein complex was applied to freshly glow-discharged UltrAuFoil 1.2/1.3 300 mesh grids (Quantifoil), blotted for 2.5–4 s at 95% relative humidity and 4 °C, then vitrified in liquid ethane using a Vitrobot Mark IV (Thermo Fisher). For the ‘re-bound GDP’ samples, the purified specimen was incubated with 100 µM GDPβS for 1 h, before grid freezing. For the ‘constant GDP’ samples, the purified specimen was further supplemented with 500 μM GDP (naloxone) and 1 mM GDP (loperamide) and incubated before grid freezing.
Micrographs were collected using an aberration-free image shift data collection scheme (four images per hole) with EPU data acquisition software (version 2.0) on a Titan Krios microscope (Thermo Fisher) operating at 300 keV. The microscope was equipped with a K3 direct-electron detector and post-BioQuantum GIF energy filter using a 20 eV slit size (Gatan). Images were collected with a total exposure time of 1.8 s, total dose of 55–60 e−/Å2 and defocus ranging from −1 µm to −3 µm.
Single particle cryoEM image processing
Motion correction of micrograph videos was carried out using MotionCor2 (ref. 61). All subsequent data processing steps were performed using the software package cryoSPARC62 (v.4.7.1; Structura Biotechnology) (Fig. 1, Extended Data Figs. 3–6 and Supplementary Tables 1–3), using established protocols. For naloxone-bound complexes, a total of 30,264 (MOR–Nb6), 45,722 (‘re-bound’ MOR–Gi–GDP), 17,742 (‘constant’ MOR–Gi–GDP) and 32,514 (MOR–Gi–nucleotide-free) micrographs were preprocessed through patch contrast transfer function estimation (default parameters), and micrographs with average contrast transfer function resolution estimates above 4 Å were discarded. For loperamide-bound complexes, 22,868 (re-bound MOR–Gi–GDP) and 22,146 (constant MOR–Gi–GDP) micrographs were collected and preprocessed similarly. An initial round of processing was carried out on a subset of the data (roughly 5,000 micrographs), using the reference-free Blob picker (140 Å particle diameter) routine, followed by two-dimensional (2D) classification until 2D classes with clearly distinguishable transmembrane domain (TMD) densities were obtained. Ab initio reconstruction of these 2D classes was performed to obtain a 3D model used for template-based picking and 3D reconstructions of all three full datasets (Extended Data Figs. 3–5). Particle picking on the entire dataset (20 Å reference low pass) was followed by extraction with a box size of 128 pixels (bin 4; 512 pixels uncropped box size). Three to four rounds of 2D classification were performed to obtain homogenous 2D classes with distinguishable TMD densities (Extended Data Figs. 3–5), after which particles were re-extracted (bin 2, box size 256). Further 2D classification was used to separate complexes with ‘open’ or ‘closed’ AHD conformations, followed by multiclass ab initio reconstructions of each particle subset. The resulting 3D volumes were used to perform several rounds of heterogeneous refinement, on the re-extracted particle stack resulting in segregation of particles into five classes. A combination of ab initio reconstruction, non-uniform refinement and 2D classification was performed on particle subsets corresponding to MOR–Gi complexes. Finally, local refinements with a manually created mask around the TMD, masking the micelle and the heterotrimeric G protein yielded the final reconstructions of maps ranging between 2.8 Å and 3.8 Å. The final ‘focused’ maps were merged in Chimera for subsequent model building and refinement.
Model building and refinement
Refinements were based on PDB ID 1GP2 (Gαi1 protein heterotrimer, GDP-bound)40, PDB 7UL4 (MOR–Nb6-alvimopan)56 and PDB 8EF6 (MOR–Gi-DN-morphine)47, for which residues in the sequence were reverted to the respective wild-type Gαi. The ordered AHD conformation for the ‘primed’ state was modelled after rhodopsin PDB ID 6CMO (ref. 63). The models were fitted into the density map in UCSF Chimera (version 1.17.3)64 and manually adjusted to fit the density map in COOT (version 0.9.2)65. Subsequently, the generated model was automatically refined in phenix.real_space_refine66,67 (version 1.21.2) and manually adjusted in COOT (version 0.9.2)65, for several iterations. The final geometry validation statistics including clashscore and Ramachandran analysis were calculated by MolProbity68. The final refinement statistics were generated using the ‘comprehensive validation (cryoEM)’ function in phenix (version 1.21.2)67.
MD simulations
For our MD simulation, we deployed GROMACS v.2024.5 (ref. 69) using CHARMM36 all-atom force-field parameters and topologies70,71. Ligand force-field parameters and topologies for naloxone and loperamide were generated using the Ligand Reader & Modeler tool available through the CHARMM-GUI webserver. The starting conformations of these complexes were obtained from the corresponding cryoEM structures determined in this study. MOR, Gi and MOR–Gαi heterotrimers (GDP) in the respective state were embedded in a lipid bilayer consisting of dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylcholine (DOPC) and cholesterol with ratio DPPC:DOPC:CHL 0.55:0.15:0.30, referencing simulations performed on GPCRs72. The missing Gαi1 AHD in the unlatched structure was manually modelled using the latent and primed structures as a template, placing the AHD roughly at its halfway point, with structure regularization and torsion angle optimization carried out using phenix. The N-terminal Gly of Gα was myristoylated, while Cys3 of the same chain was palmitoylated. In Gγ, the C terminus was capped using N-methylamide, as well as geranylgeranylation of Cys68. The palmitoyl group was also added to Cys172 of MOR. Initial membrane coordinates were assigned by the Positioning of Proteins in Membranes server through the CHARMM-GUI interface73. Systems were solvated in TIP3 water molecules, and Na+, Cl−, Mg2+ ions were placed in the systems to obtain 100 mM NaCl and 10 mM MgCl2. The box size was determined on the basis of the protein extent of each model (xy from 80 Å for the inactive MOR–naloxone to 120 Å for MOR–Gαi1 complex, z 160 Å).
All systems underwent initial energy minimization for 50,000 steps using the steepest descent algorithm and a 100 kJ mol−1 nm−1 threshold, followed by equilibration simulations for a total time of 10 ns. The equilibration was performed in the NVT ensemble followed by the NPT ensemble for 6 steps (time step of 1–2 fs) with V-rescale thermostat at 303.15 K and Parrinello–Rahman barostat at 1 atm. Five separate replicates of production runs were subsequently performed for 1 µs each under NPT ensemble with Parrinello–Rahman barostat at 1 atm and V-rescale thermostat at 303.15 K, with random assignment of velocities. Simulations were executed on the graphical processing unit clusters at the Center for Advanced Computing of the University of Southern California. MD trajectory analysis was carried out using the GROMACS analysis toolkit, the MDTraj software package74 and MDCiao75.
Data statistical analysis
For BRET2 nucleotide competition results, log transformed EC50 values were analysed using one-way analysis of variance within each drug group. For comparisons between only two groups, unpaired two-tailed Student’s t-tests were performed to compare each condition. A significance threshold of α = 0.05 was applied for both one-way analysis of variance and Student’s t-test analyses. Statistical significance is denoted by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS indicates not significant. EC50 values are reported as the mean ± s.d. across three independent replicates.
Figures and graphical illustrations
PyMol v.3.1.6.1 (ref. 76) (Schrödinger), UCSF Chimera v.1.17.3 (ref. 64), UCSF ChimeraX v.1.9 (ref. 77), ChemDraw Professional v.22.2.0 (PerkinElmer), GraphPad Prism v.10.6.0 and Adobe Illustrator 2021 v.29.7.1 were used to create all illustrations and figures. All reported root mean-square deviation values were calculated using the align command in PyMol, with either global alignment of the receptor or Gαi RHD. All netBRET data are plotted as ratios of the raw emission data, without baseline correction, normalization or any other data treatment.
Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article.
Data availability
The final cryoEM maps for inactive MOR–Nb6-naloxone, latent MOR–Gi–GDP-naloxone-re-bound, unlatched MOR–Gi–GDP-naloxone-re-bound, primed MOR–Gi–GDP-naloxone-re-bound and nucleotide-free MOR–Gi-naloxone, engaged MOR–Gi–GDP-loperamide-re-bound, unlatched MOR–Gi–GDP-loperamide-re-bound and primed MOR–Gi–GDP-loperamide-re-bound have been deposited in the Electron Microscopy Data Bank under accession codes EMD-72001, EMD-72003, EMD-72004, EMD-72005, EMD-72002, EMD-72006, EMD-72007 and EMD-72008. Corresponding atomic coordinates have been deposited in the PDB under accession codes 9PXU, 9PXW, 9PXX, 9PXY, 9PXV, 9PY2, 9PY3 and 9PY4. Maps for engaged MOR–G–GDP-naloxone-re-bound, latent MOR–Gi–GDP-loperamide-re-bound, latent MOR–Gi–GDP-naloxone-constant, engaged MOR–Gi–GDP-naloxone-constant, open AHD MOR–Gi–GDP-naloxone-constant, latent MOR–Gi–GDP-loperamide-constant, engaged MOR–Gi–GDP-loperamide-constant, open AHD MOR–Gi–GDP-loperamide-constant under accession codes EMD-72013, EMD-72015, EMD-72017, EMD-72019, EMD-72021, EMD-72023, EMD-72025 and EMD-72026. Source data are provided with this paper.
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Extended Data Table 1 Cryo-EM data collection, refinement and validation statistics for cryoEM structures—naloxone ‘re-bound GDP’
Extended Data Table 2 Cryo-EM data collection, refinement and validation statistics for cryoEM structures—loperamide ‘re-bound GDP’
Extended Data Fig. 1 Pharmacological assays to confirm signaling efficacy of small molecule ligands alvimopan, naloxone, mitragynineP, DAMGO and loperamide at human MOR.
a, b, c ONE-GO, RG-BRET and TruPATH assay confirm relative signaling efficacy of alvimopan, naloxone, mitragynineP, DAMGO and loperamide. Data is a global fit of individual replicates. Data are plotted as raw netBRET ratios. d, cAMP inhibition assay (GloSensor) confirms relative signaling efficacy of alvimopan, naloxone, mitragynineP, DAMGO and loperamide. Data is a global fit of individual replicates. AU, arbitrary units. e, Homologous competition radioligand binding assay of [3H]naltrexone. Titration: concentration-dependent effects of GDPβS in the presence of 2 nM [3H]naltrexone. Data points are plotted as individual replicate values of raw netBRET ratios (a-c), luminescence (d), or specific binding (total binding minus nonspecific binding) (e), overlaid with nonlinear regression global fits. All plots are representative of three biologically independent experiments, with each data point carried out with three technical replicates.
Source data
Extended Data Fig. 2 nuc-BRET assay determines nucleotide affinities of MOR-G protein complexes.
a-g, RG-BRET (MOR–Rluc8 and Gαi1, Gβ, Gγ–GFP2), permeabilized and apyrase-treated cells. Nucleotide dose–response experiments are performed apo, and in the presence of the respective ligand alvimopan, naloxone, mitragynineP, DAMGO, and loperamide. a, b, Nucleotide experiments comparing the effect of GDPβS and GTPγS on relative BRET signals, observing a concentration-dependent decrease in signal. Data presented are representative of n = 3 biologically independent experiments. Traces show individual raw data points, overlaid with nonlinear regression global fits. c, control experiment using TruPATH constructs (MOR, Gαi1-Rluc8, Gβ, Gγ–GFP2)-Rluc8, in the presence and absence of OZITX, as a control to observe nucleotide affinities of receptor-free G proteins. Data presented are representative of n = 3 biologically independent experiments. Traces show individual raw data points, overlaid with nonlinear regression global fits. d, Comparison of GDPβS EC50s showing an inverse correlation between EC50 and efficacy of the respective ligand. Bar plots depict mean EC50 values from n = 3 biologically independent experiments. e, Nucleotide competition experiments, in which GTP EC50s are plotted in the presence of 0, 0.01, 0.1 and 1 µM GDPβS. Bar plots depict mean EC50 values from n = 3 biologically independent experiments. f-g, Nucleotide dose–response curves (GDPβS, GTPγS) in the presence and absence of 1 mM MgCl2. Bar plots depict mean EC50 values from n = 3 biologically independent experiments. h, Normalized efficacy across all tested signaling assays (One-GO, RG-BRET, TruPATH, GloSensor) of alvimopan, naloxone, mitragynineP, DAMGO, and loperamide plotted against the respective GDP EC50, showing a near perfect correlation, R2 = 0.86. Error bars indicate s.e.m. for both signaling efficacies and GDP EC50s. Data presented are representative of n = 3 biologically independent experiments. d-g, Unpaired two-tailed Student’s t-tests were conducted to compare nucleotide and MgCl2 treatment of each ligand. A significance threshold of α = 0.05 was applied for both the one-way ANOVA and the Student’s t-test analyses. Asterisks denote statistical significance; *P < 0.05, **P < 0.01; NS, not significant.
Source data
Extended Data Fig. 3 CryoEM reconstruction processing scheme for human MOR-Naloxone in complex with Nb6 (inactive) and Gαi heterotrimer, nucleotide-free.
Scale bars in the micrographs represent 50 Å.
Extended Data Fig. 4 CryoEM reconstruction processing scheme for human MOR-Naloxone and MOR-Loperamide in complex with GDP-bound Gαi heterotrimers.
Scale bar in the micrograph represents 50 Å.
Extended Data Fig. 5 CryoEM reconstruction processing scheme for human MOR-Naloxone and MOR-Loperamide in complex with GDP-bound Gαi heterotrimers (‘constant GDP’).
Scale bar in the micrograph represents 50 Å.
Extended Data Fig. 6 Comparison of two biochemical approaches to obtain GDP-bound MOR-Gαi complexes for cryoEM analysis: GDP ‘constant GDP’ versus ‘re-bound GDP’.
a, Schematic overview of biochemical preparation with ‘constant GDP’ continuously being supplied with GDP throughout the purification process. ‘Re-bound GDP’ was treated with apyrase for complexation, followed by size-exclusion chromatography and finally supplemented with 100 µM GDP for cryoEM studies. b-c, Direct comparison of ‘constant GDP’ versus ‘re-bound GDP’ experiments for naloxone and loperamide, showing virtually identical 2D classes and 3D reconstructions of the respective state.
Extended Data Fig. 7
Nucleotide binding pocket of Gαi, highlighting conformational rearrangements across six different conformational states receptor-free GDP-Gαi1β1γ2, latent, engaged, unlatched, primed, and nucleotide-free.
Extended Data Fig. 8 Molecular Dynamics simulations reveal how MOR–G protein conformations dictate AHD and GDP dynamics.
MD simulations of GDP-bound cryoEM structures were performed to study conformational dynamics of the respective state. a-e, Overlays of 10 randomly selected snapshots of Gαi from one representative trajectory (out of 5 total) each with 1 µs duration. The opaque model highlights the initial model used for the MD simulation, while transparent structures were obtained from subsequent frames. f-j, Overlays of 10 randomly selected snapshots of GDP binding pocket of Gαi from one representative trajectory (out of 5 total) each with 1 µs duration. The opaque model highlights the initial model used for the MD simulation, while transparent structures were obtained from subsequent frames. Backbone traces of individual frames were omitted for clarity, the shown backbone represents the starting structure after minimization. k, Violin plot showing the average center-of-mass (COM) distances of residues within Gαi nucleotide binding pocket with GDP, across all 5 simulated trajectories, highlighting a series of conformational changes across the different states. ‘Primed’ trajectory 1 and ‘unlatched’ trajectory 2 were omitted from this figure, as GDP ejects completely. i, Traces of individual MD trajectories, focusing on TM3-TM6 distances.
Extended Data Fig. 9
Comparison of naloxone and loperamide bound MOR-Gαi unlatched and primed cryoEM structures, showing rearrangements within the ligand and nucleotide pocket, and AHD-Gβ1 interactions.
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Supplementary Information
Supplementary Figs. 1–4, BRET assay controls, construct information, biochemistry and MD simulation results. Tables 1–3, CryoEM data collection, refinement and validation statistics. Supplementary Video 1. Overview of all 25 trajectories greater than 1 µs: GDP–Gαi1β1γ2, latent, engaged, unlatched and primed. The respective videos were generated using every fifth frame of the original 10,000 frames.
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Correction to: Nature
https://doi.org/10.1038/nature19804 Published online 7 September 2016
In the version of the article initially published, in the “Day 11” row of Extended Data Fig. 3c, the “Chloroquine” image was a duplicate of the “BRD7929, 25” image from the same row. The correct “Chloroquine” image has now been added to Extended Data Fig. 3c, as seen in Fig. 1, below. This notice serves to amend the error as, due to the age of the article, the original figure cannot be directly replaced.
Fig. 1: Corrected Extended Data Fig. 3c
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The Original Article was published on 29 October 2025
Correction to: Nature
https://doi.org/10.1038/s41586-025-09694-5 Published online 29 October 2025
In the version of the article initially published, “the” was missing from “the long-lived bowhead whale” in the title and has now been added. Additionally, in the Data Availability and Reporting Summary, the private reviewer link for the DNA and RNA-sequencing data has been removed and “at Sage Bionetworks” has been added to “Proteomics raw data have been deposited to the ELITE portal at Sage Bionetworks via Synapse...”. These corrections have been made to the HTML and PDF versions of the article.
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The Original Article was published on 14 September 2022
Correction to: Nature
https://doi.org/10.1038/s41586-022-05036-x Published online 14 September 2022
In the originally published version of this article, we incorrectly reported the total pressure applied to the full simulation cell (Psim) as the pressure experienced in the confined region of water. This is erroneous as the confinement pressure is higher and is approximated as Pconf = Psim * z/w, where z is the z-dimension of the simulation box (assuming an x-y confinement plane) while w is the confinement width1,2,3. Further details on estimating the pressure are in the updated Methods section. This correction does not affect the simulations or the observed phase behaviour, but it scales the pressure values by approximately a factor of 3. The onset of superionic behaviour occurs at 10.5–12 GPa rather than 3.5–4 GPa. Qualitative conclusions of the work remain unchanged. We also make an additional clarifying point that the statement on the impact of quantum nuclear effects on the phase transition only concerns the solid phases.
Text has been edited throughout the article; Figs. 1–3, Extended Data Figs. 1–5, Extended Data Tables 1–3, Source Data for Figs. 1 and 3 and Supplementary Videos 1–6 have been updated. The changes have been made in the HTML and PDF versions of the article. For comparison, the original, uncorrected article is available as Supplementary Information alongside this article.
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The Original Article was published on 22 October 2025
Correction to: Nature
https://doi.org/10.1038/s41586-025-09642-3 Published online 22 October 2025
In the version of the article initially published, in Fig. 2a, the y axis of the middle panel was shifted upwards and has now been moved down so that “0” is level with the x axis. In Fig. 3a, the “RGB pixels” dashed red line has been shortened for clarity. In Extended Data Fig. 2, the y-axis label was “W (100 to 200 nm)” but should have been “W (100 to 220 nm)”. In Extended Data Fig. 9a, the y-axis labels were shifted downwards and have now been corrected. In Extended Data Fig. 9b, the labels “ln Air” and “ln E” were switched and have now been amended so that the green line represents “ln E” and the blue line “ln Air”. These corrections have been made to the HTML and PDF versions of the article. The original, uncorrected figures are available for comparison in the accompanying Supplementary information.
Supplementary information is available in the online version of this amendment.
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In the version of this article initially published, due to a figure preparation error, the image shown in the upper-middle panel of Extended Data Fig. 2d for the Cflar KI dot plot was an inadvertent duplicate of the adjacent dot plot (wild-type). Due to the age of the article, the figure cannot be updated directly; the revised Extended Data Fig. 2, panel d, is available as Supplementary Information alongside this amendment. This amendment serves to update the article.
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