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26 Saving the cultural legacy of wild animals
Loss of biodiversity threatens the study of tool 
use and other cultural behaviors in animals  
By A. K. Kalan and L. V. Luncz
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L
iving cells that produce biofuel; robots that assist 

factory workers; intelligent machines that guide 

drug discovery—these technologies are “deep” in 

that they achieve something extraordinary—often 

thought impossible—and push society forward. 

Indeed, so-called “deep tech” powers the future 

of medical breakthroughs, resilient energy grids, 

and clean industrial processes, among other frontiers. 

But deep tech requires more of everything to become 

a reality—research and development, specialized talent, 

time, risk-taking, and funding. The US government has 

been the world’s largest investor in this enterprise. Yet 

cuts to federal support for deep tech threaten this entre-

preneurial engine at its source—university labs. With-

out sustained federal support, 

the country risks losing its 

technological edge, threaten-

ing economic competitiveness 

and national security. 

Deep tech ventures are 

launched by scientist-entrepre-

neurs and thrive in ecosystems 

where labs, highly trained in-

dividuals, government fund-

ing, and risk capital intersect. 

Universities are key to culti-

vating deep-tech innovations 

by supplying the talent, in-

frastructure, and intellectual 

freedom essential for the long-term, high-risk research 

required. Cuts to major sources of support, including 

the National Science Foundation, National Institutes of 

Health, and Department of Defense, now endanger this 

innovation environment.

Translational research funding is crucial for moving 

discoveries and early-stage technologies from labs to real-

world applications. Government support gives scientists 

the time to refine nascent technologies, which can be a 

long and uncertain process. But this approach has had 

substantial payoffs. Boston Metal, founded by researchers 

at the Massachusetts Institute of Technology, developed a 

cleaner, cost-effective steel production process using mol-

ten oxide electrolysis. Early grant support advanced the 

idea to technology, positioning the company to transform 

one of the world’s most carbon-intensive industries.

Unlike software startups, deep tech depends on spe-

cialized equipment and prototyping facilities to incubate 

ideas and convert intellectual capital into tangible prod-

ucts. Losing federal funds for university equipment and 

labs will deprive scientist-entrepreneurs of the resources 

needed to navigate this leap. Pascal, a startup developing 

solid refrigerants to replace harmful greenhouse gases in 

heating, ventilation, and air conditioning systems, made 

its breakthrough at Harvard University, where the labs 

and expertise were essential to advancing the technology.

The United States has long attracted top talent in engi-

neering and science, offering opportunities for academic 

and entrepreneurial excellence, along with flexible early-

stage funding through government and university pro-

grams that align with a project’s needs as it progresses 

through technological milestones. It is a serious concern 

that as government support declines, fewer scientists will 

have the resources to pursue entrepreneurship, stifling 

innovation and reversing the trend of PhDs and postdocs 

entering startups. The cuts to research support across 

higher education institutions 

are provoking scientists in 

the US to seek opportunities 

in other countries with stron-

ger public support for science, 

signaling the onset of a brain 

drain. For example, the Max 

Planck Society in Germany 

has seen a recent surge in ap-

plications from US researchers 

and is expanding its programs 

to accommodate them. Other 

countries in Europe with bur-

geoning innovation ecosys-

tems, including ETH Zurich 

and the University of Oxford, will also likely benefit from 

the movement of top-tier talent from the United States. 

This is undermining decades of US research investment.

The current funding cuts are not just an academic is-

sue—they are also an economic and national security con-

cern. The United States built its technological dominance 

by investing in the long game, in areas such as semicon-

ductors, aerospace technology, and mRNA vaccines. The 

government, philanthropists, and universities funded the 

frontiers of knowledge, seeding deep-tech breakthroughs. 

Venture capital, corporations, and government customers 

then drove the growth of these endeavors. US leadership 

has also placed the country at the forefront of developing 

policies and regulations for new technologies. It now risks 

losing a prominent seat at this table as well.

Replacing or restoring federal support will be a for-

midable challenge. But universities must take decisive 

steps now—diversifying funding sources, strengthening 

private-sector collaborations, and engaging in policy 

dialogue—to preserve an ecosystem that has shaped the 

world in revolutionary ways.

–Stefan Raff-Heinen and Fiona E. Murray

Don’t quit the long game
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Innovation Fund. 
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“The cuts to research 
support…are provoking 

scientists in the
US to seek opportunities 

in other countries…”
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NEWS
“

[I]t has become clear that the Secretary wishes subservient 
confirmation of his misinformation and lies.

”Former U.S. Food and Drug Administration official Peter Marks, who oversaw vaccine 

approvals, referring to Department of Health and Human Services Secretary Robert F. Kennedy Jr.’s criticisms 

of vaccines, in a letter of resignation last week.

HHS workers line up outside their office in Washington, D.C., on 1 April, when many were fired. Some staffers learned of this only when they were barred from the building.

HEALTH LEADERS AXED

President Donald Trump’s admin-

istration this week began an 

expected—and sweeping—purge 

of senior officials and other work-

ers at U.S. federal health agencies. 

As Science went to press, at least 

five directors of the National 

Institutes of Health’s (NIH’s) 27 

institutes and centers were told 

they are being reassigned. Several 

center directors at the Food 

and Drug Administration (FDA) 

were also removed. Some were 

given 1 day to decide whether 

they are willing to move to jobs 

in Oklahoma, Alaska, or other 

states. In all, the U.S. Department 

of Health and Human Services 

(HHS) said it plans to fire 1200 

employees at NIH—about 6% 

of its workforce when Trump 

took office in January—as well 

as 3500 at FDA and 2400 at the 

Centers for Disease Control and 

Prevention (CDC). The cuts at 

CDC included many staff mem-

bers in its HIV prevention division. 

Although the administration 

said last week that many of the 

positions to be eliminated across 

HHS agencies were likely to be 

administrative, multiple tenured 

scientists who worked for in-

house research programs at one 

large institute were let go, sources 

told Science. HHS says the moves 

are intended to save money and 

increase efficiency, but some 

outsiders decried a large, sudden 

loss of institutional memory. 

Adding this week’s removals to 

resignations since Trump was 

sworn in, most of FDA’s leaders 

“with a deep understanding of 

product development and safety 

are no longer employed,” Robert 

Califf, who led the agency under 

former President Joe Biden, wrote 

on LinkedIn. “FDA as we’ve known 

it is finished.”

POLITICAL REVIEW  HHS and 

the White House Department 

of Government Efficiency plan 

to review each of NIH’s draft 

solicitations for grant propos-

als, Science has learned. The 

reviews, intended to ensure the 

funding will align with Trump’s 

priorities, represent unprec-

edented political interference 

with NIH’s grantmaking process. 

An agency employee familiar with 

the matter worries Trump admin-

istration officials reviewing the 

Notices of Funding Opportunities 

(NOFOs) may lack the scien-

tific background required to 

understand why certain topics 

are important to fund. NIH has 

developed a large backlog of 

unpublished NOFOs because the 

administration paused them. The 

agency has withdrawn dozens 

of previously issued NOFOs that 

involved topics such as gender 

minorities because Trump’s 

executive orders ban them from 

receiving federal funds. 

VACCINE-AUTISM STUDY  HHS 

Secretary Robert F. Kennedy 

Jr. has tapped a controversial 

figure, David Geier, to lead a 

new government study about 

whether vaccines cause autism, 

The Washington Post reported. 

Kennedy has supported the 

connection despite extensive 

research findings dating back 

at least 2 decades that show no 

credible link. Geier, who holds 

only a bachelor’s degree, and his 

father, Mark Geier, a physician, 

have published papers suggest-

ing a link between autism and 

thimerosal, a mercury-containing 

preservative—studies the 

Institute of Medicine char-

acterized as having “serious 

methodological flaws.” The Geiers 

misled parents that a regimen 

they developed to treat autism in 

children was approved, accord-

ing to a 2011 investigation by the 

Maryland Board of Physicians.

SCIENTISTS’ WARNING  The 

Trump administration’s avalanche 

of policy changes and funding 

cuts are wrecking the nation’s 

I N  B R I E F

Edited by 

Jeffrey Brainard

TRUMP TRACKER

Mass firings at health agencies, grant solicitations vetted, and autism revisited
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African cancer database debuts
DIVERSITY |  A genomics research 

company in Ghana has received support 

from the pharmaceutical giant Roche to 

sequence the whole genomes of people 

in Africa who have cancer, in hopes of 

improving treatments for those popula-

tions. African people are among the most 

genetically diverse and are about 17% 

of global population but make up less 

than 2% of participants in genetic stud-

ies. The African Cancer Atlas aims to 

collect genomic and clinical data from 

up to 7500 patients with diverse types of 

cancer, including breast, prostate, and 

lung, to better understand cancer biology, 

identify biomarkers, and develop targeted 

therapies. Roche and its Ghanaian partner, 

Yemaachi Biotech, say they will make the 

database freely accessible to researchers 

based in Africa. The companies declined to 

disclose the amount of their funding.

Judge blocks FDA on lab tests
BIOMEDICINE |  A U.S. District Court 

judge in Texas this week struck down 

a rule adopted by the Food and Drug 

Administration (FDA) that had allowed 

it to regulate laboratory-developed tests 

as medical devices, ruling that the agency 

lacked this statutory authority. The 

agency’s rule covered tests—including 

some prenatal screening tests and gene 

sequencing of tumors, for example—

designed by a single lab for patient care. 

(FDA already vets in vitro diagnostic tests, 

such as continuous glucose monitors, that 

are developed by and used across mul-

tiple labs.) Such tests are often marketed 

nationwide, and regulators and scientists 

have said many are not well validated and 

can put patients at risk. But organizations 

representing laboratories and pathologists 

had said this oversight would raise costs 

and stymie innovation, and sued FDA.

ASTRONOMY 

Probe that observed 2 billion stars ends mission 

T
he European Space Agency (ESA) last week powered down its Gaia spacecraft, 

capping a 12-year mission to map the universe. In all, Gaia made more than 

3 trillion observations, recording millions of quasars and other galaxies while 

also spotting hundreds of candidate exoplanets. It also made the most detailed 

map ever of the Milky Way. Gaia was running low on fuel, so ESA managers used 

its remaining supply to move the probe from the L2 gravitational balance point, 

1.5 million kilometers from Earth, to a “retirement” orbit around the Sun, where it will 

not interfere with other space missions. Researchers anticipate future data releases, 

one in 2026 and a final one by 2030. As a goodbye tribute, the ESA team stored the 

names of 1500 people who worked on Gaia, and their personal farewell messages, in 

the spacecraft’s onboard memory.

An illustration based on data from the Gaia probe depicts the Milky Way’s disk, viewed from its edge.

scientific enterprise, nearly 2000 

of the 8000-plus members of the 

U.S. National Academies warn in 

a letter released on 31 March. It 

faults the administration for firing 

federal scientists, terminating 

grants in fields it finds objection-

able, and withholding research 

funding from certain universities. 

The signers include Nobel laure-

ates, medical school deans, and 

researchers in fields ranging from 

astronomy to zoology.

SCIENCE POLICY DIRECTOR  The 

U.S. Senate has confirmed Michael 

Kratsios to lead the White House 

Office of Science and Technology 

Policy (OSTP), with the technol-

ogy executive winning much 

more support from Democrats 

than Trump’s controversial picks 

to lead federal health agencies. 

Twenty-one Democrats joined 

all 53 Republicans last week in 

confirming Kratsios, who some 

U.S. researchers hope will make 

the case for the importance of 

academic research in fostering 

innovation as the administration 

slashes spending and fires sci-

entists. Kratsios is the first OSTP 

director without a science Ph.D. 

or extensive research experience. 

He served as U.S. chief technology 

officer during Trump’s first term. 

For the past 3 years Kratsios has 

been managing director of Scale 

AI, an artificial intelligence infra-

structure company.

KEY VACCINE GRANT AXED  

The administration has ended 

most grants by the U.S. Agency 

for International Development, 

according to a list it released 

last week, including a $2.6 bil-

lion award to Gavi, the Vaccine 

Alliance, a global nonprofit that 

helps provide inoculations in poor 

countries. Gavi says its work has 

saved an estimated 19 million 

lives since its inception in 2000. 

According to the list, released 

after multiple requests from 

grantees and lawsuit plaintiffs, 

5341 grants with $28 billion in 

unobligated funds have been 

terminated, including programs 

aimed at treating severe malnutri-

tion in children and stopping the 

spillover of viruses from animals 

to humans. Nearly 900 programs 

with $8 billion in unobligated 

funds  remain active.
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By Sara Reardon

S
ince 2022, sexual health researcher 

Jeremy Goldbach has spent about 

$2 million of the U.S. government’s 

money studying whether a peer-

mentoring program could alleviate 

anxiety and depression among trans-

gender and gender-minority teenagers. 

The 3-year project, funded by the National 

Institutes of Health (NIH), had recruited 

some 200 students from 20 schools in the 

Los Angeles area and was scheduled to 

wrap up in September.

But all that effort—and money—might 

now be for naught. On 28 February, Goldbach, 

who works at Washington University in St. 

Louis, received an email from NIH saying the 

agency no longer supports “research based 

on gender identity.” The letter, which arrived 

following several related executive orders by 

President Donald Trump, told Goldbach to 

immediately stop work and informed him 

that NIH was rescinding approximately 

$500,000 remaining in his grant. He had 

planned to use the money to recruit students 

from an additional four to eight schools.

Without those participants, Goldbach 

says he doesn’t have enough teenagers to 

draw solid conclusions. “We’ll still probably 

try to look at the data, but I don’t have a ton 

of faith” that they will be statistically signif-

icant, he says. His team probably won’t pub-

lish any results. “We spent all this money on 

this research and we’re not even going to be 

able to give taxpayers the outcomes.”

Among the hundreds of grants NIH has 

canceled since Trump’s inauguration, such 

wasted spending appears to be common, a 

Science analysis of a small sample of them 

shows. Trump’s Department of Government 

Efficiency (DOGE), effectively headed by 

billionaire Elon Musk, claims it has saved 

taxpayer money by systematically slashing 

funding for research on politicized topics 

including transgender health; diversity, eq-

uity, and inclusion; and vaccine hesitancy, 

and for work at universities and institutions 

the administration is targeting.

Until last week, the DOGE website 

claimed it had “saved” the entire sums of 

recently terminated grants like the one 

awarded to Goldbach. But NIH-funded 

researchers are typically reimbursed in-

crementally as they complete project mile-

stones, often across multiple years. In a 

move unexplained on its website, DOGE 

now only claims as “savings” the remaining 

amount of money on a grant.

But that accounting does not note the 

hundreds of millions of dollars that had al-

ready been spent on canceled grants—and 

the potential loss of effort and data. The 

wave of cancellations, Goldbach says, “is 

rendering a lot of studies’ data basically 

completely useless. It’s creating waste, and 

I don’t think that it’s saving the kind of 

money that [DOGE] believe that it is.”

Science’s analysis drew on a list of 

477 canceled NIH grants from an indepen-

dent database compiled by researchers at 

Harvard University, who used data from 

Department of Health and Human Ser-

vices data and scientists’ own accounts of 

grants they know to be terminated. More 

than half of those grants have used up 50% 

of their total funds, according to a federal 

database that tracks such outlays. In total, 

the grants included in this sample have al-

ready spent $1.4 billion of the $2.8 billion 

NIH had promised their investigators.*

TRUMP ADMINISTRATION

Killed NIH grants could waste billions of dollars
More than $1.4 billion in sunk research costs may produce few results, analysis suggests

I N  D E P T H

A study of ways to improve vaccine uptake in Native Alaskans had already spent half its funds before being ended abruptly by the National Institutes of Health.
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The analysis has limitations: Among 

others, the reports represent only a sub-

set of the terminations, some terminations 

only affect one subsection of a grant, and 

some outlays are not publicly listed or are 

out of date. Most importantly, not all the 

spent money will be lost; unlike Goldbach, 

some researchers will be able to analyze 

or publish their existing data. But the 

numbers illustrate how wasteful DOGE’s 

strategy is, says biochemist Jeremy Berg, 

former director of the National Institute 

of General Medical Sciences and former 

editor-in-chief of Science. 

DOGE, he notes, contends these grants 

were worthless anyway. In that light, “Any 

money you don’t spend on them is money 

saved,” Berg says. “But if you actually be-

lieved the grants had value in the first 

place, what they’re doing is throwing away 

the money that’s already been invested.”

Ethan Moitra, a clinical psychologist at 

Brown University, worries that will be the 

fate of nearly $1.5 million NIH awarded 

him. He was studying the mental health 

impact of the COVID-19 pandemic on 

LGBTQ+ individuals with anxiety and 

depression. When Moitra received NIH’s 

termination letter on 28 February, he had 

spent about two-thirds of his $2.36 million 

grant assessing whether two counseling 

sessions could improve participants’ men-

tal health, and his team had completed 

follow-up interviews with 190 of the par-

ticipants. The remaining 50 would have 

given his results statistical significance. 

“The timing is so awful,” Moitra says.

Even if Moitra finds alternative funding 

to interview the final 50 participants, he’s 

not sure whether he could continue be-

cause the NIH letter ordered him to stop 

all study activities. Moreover, any rescue 

funding may come too late: Too much time 

might have elapsed between the counsel-

ing sessions and the follow-up interviews.

A multimillion-dollar NIH project led 

by Annie Collier, a clinical psychologist at 

the University of Colorado Anschutz Medi-

cal Campus, to study vaccine hesitancy 

among Alaska Native and American Indian 

people and test strategies to promote vac-

cination was also cut short, terminated on 

10 March. “It’s really confusing and dis-

turbing,” she says, noting that vaccination 

rates among these populations are low and 

that people in these groups are more likely 

to die of diseases such as COVID-19.

Working with dozens of partners from 

Alaskan tribes, Collier and her colleagues 

developed culturally appropriate visuals and 

storytelling strategies for “community advo-

cates” to use when talking about vaccines 

to other tribal members. The team was just 

about to start testing the strategies when 

they got the bad news. “We basically have 

about half of the funds wasted,” Collier says.

Some of the scientists or their institutions 

are appealing the cancellations. Others may 

try to restructure their projects to remove 

them from the administration’s target lists. 

But the researchers Science spoke with—

several of whom declined to be quoted be-

cause of pending appeals or concern about 

their other grants—said they are getting little 

guidance from their NIH program officers. 

(Some of those NIH staff tell Science they 

had little to no input into the termination 

decisions and don’t know the potential for 

reversing them.)

Ophthalmologist Nisha Acharya of the 

University of California San Francisco says 

she will nevertheless appeal the termina-

tion of her $3.3 million grant to study how 

people with ocular shingles infections re-

act to the new shingles vaccine. The can-

cellation has effectively shut down her lab 

and forced her to lay off her employees.

Acharya had already spent $1.5 million 

of the grant. She hopes she can publish at 

least some of her lab’s partially finished 

projects analyzing millions of medical re-

cords. But now that she’s the only team 

member remaining, she worries she won’t 

have the programming expertise to per-

form any additional analyses that peer 

reviewers might request. “I can’t be doing 

every single part of the job, it’s not possi-

ble,” she says. If the grant is restored after 

her former employees find new positions, 

she would need to spend additional time 

and money training new programmers. 

For now, she says, the grant termination is 

“psychologically devastating.”

Ironically, Acharya says, the wasted 

work might have appealed to the vaccine-

skeptical Trump administration. She be-

lieves her grant was targeted as “vaccine 

hesitancy” in error. Its abstract says many 

eye specialists report “hesitancy” to recom-

mend the new shingles vaccine to people 

with ocular shingles because the jab might 

cause inflammation.

Acharya’s past research supports the 

idea that these vaccines—which the Cen-

ters for Disease Control and Prevention 

recommends for everyone over age 50—are 

not always safe. This is exactly the kind 

of research NIH would want to prioritize, 

Acharya believes. “You’re not going to have 

[vaccine manufacturers] fund this.” j

*The analyzed sample excludes grants that were can-

celed at Columbia University because of the adminis-

tration’s contention that the school allowed antisemitic 

protests on its campus. Columbia is currently involved 

in negotiations with the government. It also excludes 

some supplements that were canceled and grants for 

which no outlay information was available.

By Jeffrey Mervis 

T
he number of new grants handed out 

by the National Science Foundation 

(NSF) since President Donald Trump 

took office has fallen by nearly 50% 

compared with the same 2-month 

period 1 year ago. The drop-off—

which has reduced the funds awarded to 

researchers by more than $400 million—is 

even steeper for engineering, education, 

computing sciences, as well as NSF’s new 

technology directorate.

The finding, revealed by an independent 

analysis of NSF’s publicly available data-

base, contrasts with NSF’s public claims. 

On 11 March, NSF Director Sethuraman 

Panchanathan posted a letter to the re-

search community saying the $9 billion 

agency was “continuing to advance the 

scientific enterprise” despite the slew of 

executive orders and actions by the Trump 

administration targeting government 

spending and the federal workforce.

“My priorities have not changed,” 

Panchanathan wrote in the letter. The 

agency, he asserted, “has continued to 

make significant progress and has issued 

95% of our funding as compared to the 

same time last year.”

That figure, however, refers to the money 

handed out since the start of this fiscal 

year on 1 October 2024. But the analysis, 

based on data for the 2 months following 

Trump’s inauguration on 20 January, tells 

a starkly different story.

The $1.1 billion education directorate, for 

example, has made only 12 new awards be-

tween 21 January and 27 March compared 

with 120 during the same period in 2024. 

The difference in dollars is equally stag-

gering: $6 million versus $64 million. The 

$1 billion engineering directorate made 

NSF has 
awarded 
almost 50% 
fewer grants 

TRUMP ADMINISTRATION

An analysis shows a drastic 
falloff since Trump took 
office. The finding conflicts 
with the director’s claims
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63 awards, down from 351, totaling 

$20 million versus $133 million. The com-

puting directorate has seen the number 

of new awards fall from 264 to 115, al-

though the dollar gap—from $71 million to 

$48 million—is smaller. And the 3-year-old 

Directorate for Technology, Innovation, and 

Partnerships has obligated only $19 million 

this year, one-tenth of the 2024 amount, 

with the number of new awards falling by 

roughly half, from 174 to 83.

Those numbers come from an analysis by 

David Miller, an NSF-funded research psycho-

logist who studies science education. He 

found that NSF made 919 new awards across 

its eight directorates between when Trump 

returned to the White House and 27 March, 

compared with 1707 in the same period of 

2024. This year’s grants obligated a total of 

$312 million versus $761 million a year ear-

lier. (Obligations refer to the initial fund-

ing of a grant; a 3-year 

award may be made 

entirely up front, for ex-

ample, or parceled out in 

annual increments.)

NSF provided Science 

with data that show a 

smaller downturn, al-

though its analysis stops 

on 28 February and in-

cludes all financial obli-

gations, including additional payments on 

current grants. The agency says it passed 

out $405 million during the initial 6 weeks 

of Trump’s second term. Miller’s number 

for all financial obligations over the same 

period is $172 million, compared with 

$501 million in 2024.

Panchanathan, who was appointed dur-

ing Trump’s first term for a 6-year term 

ending in June 2026, has declined repeated 

requests from Science to discuss the slow-

ing of NSF’s grantmaking machinery. But 

several sources inside the agency attribute 

the bottleneck to the office that handles 

the final step of the long process of win-

ning an NSF grant.

That process begins with a scientist sub-

mitting a proposal, which then undergoes 

peer review. If the idea gets high marks, a 

program officer recommends it for funding—

and often tells the applicant that things are 

looking good. Once a division director signs 

off on the recommendation, the paperwork 

goes to the budget and finance office.

“That’s where things have broken down,” 

says one program officer who requested 

anonymity because they are not autho-

rized to speak for the agency. “And nobody 

knows why.”

NSF’s data show that two $1.6 billion 

directorates—geosciences (GEO) and math/

physical sciences (MPS)—have not only 

weathered the storm, but appear to have 

been more active than in 2024. They show 

MPS has handed out $138 million since 

Trump took office, compared with $98 mil-

lion for the comparable period in 2024, 

and GEO has obligated $116 million versus 

$64 million in 2024. But the independent 

analysis doesn’t support that rosy picture, a 

variance that might be due to NSF’s use of a 

different yardstick.

Unlike Miller’s analysis, NSF’s numbers 

include money handed out as part of what 

it calls “postaward actions,” that is, fresh 

rounds of funding for a project, center, or 

facility that NSF has been supporting. For 

example, this year’s GEO total includes the 

latest tranche of money—$49 million—for the 

National Center for Atmospheric Research, 

which NSF has been funding since 1960. 

And MPS’s total includes $41 million to con-

tinue operating three NSF-built facilities—

the Gemini telescope, 

the Laser Interferometer 

Gravitational-Wave Ob-

servatory, and the Na-

tional High Magnetic 

Field Laboratory. Com-

pared with additional 

support for existing 

grants, new awards re-

quire more time and ef-

fort by NSF employees, 

a politically sensitive issue given Trump’s ef-

forts to shrink the federal workforce. That’s 

why Miller chose to focus on new awards.

On 28 February, Democrats on the sci-

ence committee in the U.S. House of Rep-

resentatives wrote to NSF’s oversight body, 

the National Science Board, asking it to in-

vestigate rumors that NSF’s grantmaking 

process had been disrupted under the new 

administration. “We request that you and 

your colleagues immediately undertake a 

review of NSF’s capacity to fulfill its mis-

sion … and do everything in your power 

to stop the ongoing destruction of the 

National Science Foundation,” the legisla-

tors wrote in a letter signed by the pan-

el’s ranking member, Representative Zoe 

Lofgren (D–CA), and Representative Haley 

Stevens (MI), the top Democrat on its re-

search subcommittee.

The board’s 14 March reply suggested all 

was well. “The Board has looked closely at 

the capacity of NSF to perform its mission,” 

wrote back Dario Gil, board chair, and “we 

are happy to be able to report … that the Di-

rector is doing everything in his power” to 

advance NSF’s mission, citing the numbers 

in his 11 March letter. Gil, head of research 

at IBM, is awaiting a Senate hearing on his 

nomination to be undersecretary of science 

and innovation at the Department of En-

ergy. He declined further comment. j

By Daniel Clery

A 
dark horse reactor design has 

emerged as a contender in the 

race to develop a commercial fu-

sion reactor. Doughnut-shaped 

machines called tokamaks have 

long been the favorites of scien-

tists hoping to fuse atoms to generate en-

ergy. Their twistier cousins, stellarators, 

had gotten less attention—and funding—

because they didn’t perform as well and 

their complex geometries are harder to de-

sign and build. But stellarators have proper-

ties that could, in the long run, make them 

better as power plants.

Now, equipped with an improved grasp of 

the needed physics and more powerful super-

computers, several startup companies have 

published designs for prototype machines 

they think could generate electricity before 

the end of the next decade. One has also 

tested a novel magnet technology to make 

building them easier.

“People are coming to realize the stel-

larator maybe is the way to go,” says theorist 

Chris Hegna, vice president of Type One En-

ergy, a firm whose scientists last week pub-

lished seven papers in the Journal of Plasma 

Physics describing in detail its proposed pilot 

plant, Infinity Two.

The ultimate test of stellarators and all the 

other designs fusion companies are touting 

is to get their fuel to temperatures and pres-

sures high enough for nuclei to fuse and re-

lease more energy than was needed to spark 

the reaction. So far no reactor has achieved 

that, except in the brief laser flashes at the 

National Ignition Facility in California. 

But stellarators are a promising avenue, 

even some tokamak researchers say. “I’m 

quite excited actually about the stellara-

tors,” says Dennis Whyte, former director of 

the Plasma Science and Fusion Center at the 

Massachusetts Institute of Technology. “What 

Stellarators, 
once fusion’s 
dark horse, hit 
their stride
Multiple companies aim 
to build pilot plants using 
twisted magnets

ENERGY

The budget and finance 
office is “where things 

have broken down … and 
nobody knows why.”

National Science 

Foundation program officer
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stellarators provide is operational simplifica-

tion as compared to a tokamak.”

A key challenge for any fusion device is con-

fining its superheated fuel, a roiling plasma of 

hydrogen ions and electrons. A temperature 

of 100 million degrees Celsius—hot enough to 

destroy any material—is needed to make the 

ions fuse. Tokamaks use a strong magnetic 

field to cage the plasma and then heat it with 

microwaves and particle beams. A series of 

magnet coils loop around the doughnut verti-

cally and horizontally, a geometry that drives 

the plasma to flow around the doughnut. 

That plasma “current” creates a magnetic 

field of its own, causing the plasma to follow 

a helical, candy cane path around the ves-

sel. Since the 1960s, most fusion funding has 

gone into this approach, culminating in the 

globally backed €25 billion ITER tokomak 

under construction in France.

Tokamaks are good at keeping particles 

and their heat contained, but they have Achil-

les’ heels. The electromagnet at the tokamak’s 

center that drives the plasma current around 

the loop can’t do so indefinitely and must 

occasionally be paused and reset. Tokamaks 

are also prone to “disruptions,” breakdowns 

in the plasma’s flow that cause its particles 

to veer off course, potentially damaging the 

wall of the vessel. Disruptions can also gener-

ate electron beams capable of burning a hole 

right through the wall.

Stellarators behave better. Like tokamaks 

they’re doughnut shaped, but stellarator 

magnets are arranged to confine the plasma 

without needing a plasma current. As a re-

sult, they don’t suffer from disruptions and 

don’t need a reset. In theory, you “can turn 

[it] on once and just leave on forever,” Whyte 

says. But early stellarator designs under-

performed because colliding particles dif-

fused out of the plasma, cooling it and making 

it impossible to reach fusion temperatures.

In the 1980s and 1990s, however, a bet-

ter understanding of plasma physics and 

more powerful supercomputers enabled 

stellarator designers to calculate mag-

netic field shapes that would limit the 

heat-sapping particle collisions. They also 

devised the magnet geometries needed to 

produce those fields—a process known as 

optimization. The required magnets often 

had weirdly distorted shapes, making the 

machines difficult and expensive to build, 

but in 2015 the Max Planck Institute for 

Plasma Physics (IPP) debuted the first 

large-scale optimized stellarator, Wendel-

stein 7-X (W7-X [Science, 23 October 2015, 

p. 369]). “It’s been a real success … for 

plasma theory that we can actually predict 

things in a very cogent way,” Hegna says.

Over the past decade, the length of W7-

X’s runs and its plasma temperature have 

grown to rival those of tokamaks. “W7-X 

demonstrated … the stellarator was ready to 

go for a path towards a pilot plant design,” 

says Novimir Pablant, head of stellarator ex-

periments at the Princeton Plasma Physics 

Laboratory (PPPL) and a collaborator with 

W7-X. Investors paid heed. A report last year 

from the Fusion Industry Association listed 

eight companies working on stellarators 

compared with six on tokamaks.

Type One, which Axios this week reported 

is seeking $200 million in investment on top 

of the $82 million raised last year, is final-

izing the design for its first machine, Infinity 

One. Its aim “is to essentially fill in the gaps 

where we need a little more validation work,” 

Hegna says. Construction is set to begin next 

year. Infinity Two, which Hegna says is the 

company’s focus now and could fire up next 

decade, is a true fusion pilot plant.

Type One says that machine will span 

nearly 14 meters and generate 800 mega-

watts of heat, resulting in 350 MW of 

electricity. In February, it signed an agree-

ment with the Tennessee Valley Author-

ity, a U.S. electrical utility, to build its 

reactors at the retired Bull Run power 

plant. Like tokamak competitors, Type 

One plans to use high-temperature super-

conductors in its magnets, allowing them 

to generate stronger fields while keeping 

the machine compact.

Last month, Proxima Fusion—a spin-

out company from W7-X’s creator IPP—

published a paper in Fusion Engineering 

and Design describing a design for another 

stellarator pilot plant, dubbed Stellaris. 

Similar in size to Type One’s machine, Stel-

laris is also targeting electricity production 

in the 2030s. The company says it will build 

a test magnet from high-temperature super-

conductors in 2027 and a demo stellarator 

in 2031 before embarking on Stellaris. One 

of the challenges for such efforts is making 

complex magnet geometries at a reason-

able cost. “Proxima invested quite heavily 

in computational design in the beginning 

to deal with these complexities,” says Felix 

Warmer, head of the recently created stel-

larator reactor studies group at IPP.

Another stellarator company, Thea 

Energy—a spinout from PPPL—hopes to 

dispense with the complex magnet shapes 

entirely: Instead, it will shape its fields 

with a series of simple circular coils ori-

ented at different angles and then finetune 

the fields with hundreds of controllable 

flat magnets—dubbed magnetic pixels—

covering the outside of the reactor. Last 

week, the company posted a preprint on 

arXiv describing tests of a 3x3 array of mag-

netic pixels made from a high-temperature 

superconductor, which showed they could 

produce different field shapes by powering 

up and down the individual pixels. “It just 

worked the first time we turned it on. So 

it was very rewarding in that regard,” says 

Thea co-founder David Gates.

All of these developments are creating a 

new confidence among stellaratormakers. 

“The sheer fact that tokamaks look simpler 

to build, I think that’s fading away,” says 

W7-X director Thomas Klinger.

The use of artificial intelligence and 

large-scale 3D printing for magnet design 

and manufacturing could further erode 

tokamaks’ advantages. Stellarators, Whyte 

says, are catching up fast. “There’s a really 

good chance that they can get there.” j

Type One Energy’s first stellarator, Infinity One, will use an odd geometry of magnets (gold) to confine plasma.
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By Jon Cohen

T
he White House appears to have a new 

target for its cuts to research fund-

ing: grants linked to COVID-19, which 

President Donald Trump and his ap-

pointees have decided are a waste of 

money because the pandemic is “over.” 

Infectious disease scientists are aghast at the 

move, which they say will cripple attempts to 

improve COVID-19 medicines and will make 

society more vulnerable to future pandemics.

On the night of 24 March, a batch of 

29  grant termination letters went out from 

the National Institute of Allergy and In-

fectious Diseases (NIAID). “The end of 

the pandemic provides cause to terminate 

COVID-related grant funds,” the notifications 

stated. “These grant funds were issued for 

a limited purpose: to ameliorate the effects 

of the pandemic. Now that the pandemic is 

over, the grant funds are no longer necessary.”

The terminated projects included many 

that focus specifically on COVID-19 but also 

some that study Long Covid, the mysterious 

chronic affliction that can develop after a 

COVID-19 infection. They also include nine 

grants under a $577 million program aimed 

in part at delivering antiviral drugs to pre-

vent future pandemics. The cancellations, re-

searchers say, will likely eliminate more than 

research programs: Graduate students and 

postdocs may lose jobs because many labs 

depend on grants to pay their salaries.

NIAID’s parent agency, the Department of 

Health and Human Services (HHS), cham-

pioned the cuts. “HHS will no longer waste 

billions of taxpayer dollars responding to 

a non-existent pandemic that Americans 

moved on from years ago,” Andrew Nixon, 

a Trump appointee who is now the agency’s 

head spokesperson, emailed Science. “HHS 

is prioritizing funding projects that will 

deliver on President Trump’s mandate to 

address our chronic disease epidemic and 

Make America Healthy Again.”

The nine Antiviral Drug Discovery Cen-

ters for Pathogens of Pandemic Concern 

eliminated last week were founded in 2022  

to develop drugs to better treat COVID-19. 

They also aimed to design antivirals for 

entire families of disease-causing viruses, 

including bunyaviruses (Rift Valley fever), 

filoviruses (Ebola, Marburg), flaviviruses 

(yellow fever, dengue, Zika), paramyxo-

viruses (measles), picornaviruses (common 

cold), and togaviruses (chikungunya). 

The centers’ termination has a “mislead-

ing rationale” and is a “pointless, ill-advised 

move that will hurt U.S. science and pan-

demic readiness,” says Charles Rice, a No-

bel Prize–winning virologist at Rockefeller 

University who co-leads one center.

Other terminated grants supported re-

search to improve COVID-19 vaccines. “The 

research is being treated like we already 

have all the answers we will need in the fu-

ture and that the current vaccines work well 

enough and don’t need improvement, which 

we know is not true,” says an investigator 

involved with one of the NIAID grants who 

asked not to be named for fear of retribution. 

Some of the studies being canceled were at-

tempting to make a pancoronavirus vaccine, 

effective against many different corona-

viruses. A broad-spectrum vaccine “would 

hopefully be available the next time a novel 

coronavirus jumps species into humans,” the 

investigator says.

Several canceled grants were part of the 

Researching COVID to Enhance Recovery 

(RECOVER) initiative, which studies the 

drivers of Long Covid and potential treat-

ments. Congress had set up the program with 

a $1.15 billion  appropriation in 2021 and the 

National Institutes of Health (NIH) subse-

quently committed another $662 million to 

it. After an outcry, the RECOVER grant ter-

minations were rescinded.

Science has learned that the terminations 

also include at least two of the eight feder-

ally funded Serological Sciences Centers of 

Excellence. This network was set up to study 

immune responses to SARS-CoV-2, what 

leads to its transmission between people, 

and what drives disease progression in the 

infected. The U.S. National Cancer Institute–

organized program involved 26 institu-

tions, from academic labs to hospitals, and 

had been authorized to receive more than 

$150 million from an emergency congressio-

nal appropriation made in 2020.

On top of the terminated NIH research 

grants, the U.S. Centers for Disease Control 

and Prevention has begun cutting $11.4 bil-

lion in pandemic response funds allocated 

to state and country health departments 

and nongovernmental organizations.

The NIAID grant termination letter Rice 

and colleagues received told the researchers 

they could appeal, but said that would be 

pointless. “Although ‘NIH generally will sus-

pend (rather than immediately terminate) a 

grant and allow the recipient an opportunity 

to take appropriate corrective action before 

NIH makes a termination decision,’ no cor-

rective action is possible here,” the termina-

tion notice said. “The premise of this award 

is incompatible with agency priorities, and 

no modification of the project could align the 

project with agency priorities.” j

NIH cancels research grants for 
COVID-19 and future pandemics
Scientists reject claim that the work is no longer needed

INFECTIOUS DISEASES

Mass vaccination sites are no longer needed for 

COVID-19, but vaccines could still be improved.
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By Kate Langin

M
arco Prado has rarely missed a 

meeting of the International Soci-

ety for Neurochemistry in 30 years. 

“I have deep ties to the society,” the 

Canada research chair and Uni-

versity of Western Ontario profes-

sor says. But after U.S. President Donald 

Trump began announcing tariffs on Cana-

dian goods and repeatedly referring to the 

sovereign nation as the “51st state,” Prado 

says he scrapped his lab’s plans to attend 

the society’s next conference this August in 

New York City. (The team opted instead for 

an Alzheimer’s disease meeting in Toronto.) 

“It’s like our neighbor is trying to attack us. 

… I cannot [bring] myself morally to spend 

Canadian taxpayers’ money in attending 

U.S. conferences,” he says.

Thousands of researchers from outside 

the United States attend scientific meet-

ings there each year to present work, net-

work, and build collaborations. But some 

are reassessing their travel plans because of 

objections to U.S. policy and fears of being 

interrogated or detained by customs offi-

cials. None of the scientific societies Science 

reached out to reported an uptick in cancel-

lations from foreign scientists for recent or 

upcoming meetings. But some noted they 

are keeping an eye on the situation. “We 

have heard from some members with con-

cerns, and we’re continuing to listen and 

learn how we can best support them,” says 

a spokesperson for the American Physical 

Society (APS), which held a Global Phys-

ics Summit in Los Angeles last month that 

drew 15,000 attendees, including 4000 from 

outside the country.

Border crossings into the U.S. have 

created particular anxiety. “I think that 

not many students would like to come 

to U.S. nowadays,” a professor at a uni-

versity in China told Science last month 

at the APS meeting. She asked to remain 

anonymous for fear of jeopardizing her 

ability to obtain a U.S. visa in the future. 

The researcher, who did a postdoc in the 

U.S. and currently holds a 10-year multiple 

entry visa, had no problems on this trip. 

But she knows a Ph.D. student from China 

who was questioned by U.S. customs for 

more than 1 hour about his work and ties 

to the Chinese government before being 

let through. Fearing she’ll have a similar 

problem—or worse—as the Trump admin-

istration moves to tighten border security, 

she now wonders whether she should take 

a break from meetings on U.S. soil.

Last month, a space researcher from 

CNRS, France’s national research agency, 

made headlines after being detained while 

en route to attend a conference in Texas. The 

scientist, who has not been publicly identi-

fied, was held for a day, his devices were 

confiscated and searched, and he was put 

on a plane home. Philippe Baptiste, France’s 

higher education and research minister, 

claimed the researcher was denied entry 

because his phone contained exchanges 

in which he shared personal views of the 

Trump administration’s research policy. 

The U.S. Department of Homeland Security 

denied politics was a factor, instead saying 

the researcher’s device contained confiden-

tial information from the U.S.’s Los Alamos 

National Laboratory.

French researchers at multiple insti-

tutions have since received emails from 

their employers advising them to con-

sider traveling with a laptop empty of 

emails and sensitive documents. Science 

has seen two of the notices, which state 

that the advisory came at the request of 

French security officials.

The incident has had a chilling effect. 

One physical scientist who was scheduled 

to fly from France to the U.S. last week for a 

meeting chose to cancel his trip at the last 

moment. “I didn’t want to take the risk to 

be detained,” says the scientist, who wished 

to remain anonymous because he has ongo-

ing collaborations with U.S. researchers and 

may still need to travel to the U.S. He was 

able to give a virtual talk instead. “But un-

fortunately, it cannot replace contacts with 

other scientists.”

The cost of opting out can be especially 

high for early-career researchers. “I am at a 

point in my career where building new col-

laborative relationships is critical,” says one 

Canadian biologist, an assistant professor 

who is scheduled to be an invited speaker 

and sessions organizer at two upcoming 

U.S. meetings, and who also asked to re-

main anonymous. She may decide not to go, 

and has asked the organizers to arrange re-

mote attendance, but she says they haven’t 

been receptive. 

International students and scholars 

working in the U.S. face a different risk: 

If they travel to attend meetings in other 

countries, they could have problems return-

ing. “Current U.S. immigration policy is 

unpredictable and subject to rapid change,” 

reads a 6 March advisory from the Univer-

sity of California, Berkeley’s international 

office, one of several that has recommended 

foreign students avoid leaving the U.S.

“I feel scared to leave the city I’m in, let 

alone the country,” a student from India 

pursuing a Ph.D. at a U.S. university told 

Science on the condition of anonymity. “It’s 

definitely impairing what career opportuni-

ties I can access.”

Even some U.S. citizens working abroad 

are avoiding meeting travel. Jennifer Love, 

a University of Calgary chemistry profes-

sor whose Bluesky profile reads “American 

by chance, Canadian by choice,” recently 

turned down an invitation to the Interna-

tional Chemical Congress of Pacific Basin 

Societies in December in Honolulu. She 

fears that because of her vocal support of 

diversity, equity, and inclusion initiatives—

a target of the Trump administration—she 

will be hassled by border guards. 

Love also does not want to support a 

country whose policies she objects to. But, “I 

feel badly that I’m turning down colleagues 

and friends,” she says. “I don’t want to pe-

nalize them or the scientific community. 

Science is supposed to be international.” j

With reporting by Adrian Cho.

Thousands of foreign scientists flock annually to U.S. 

conferences like last month’s Global Physics Summit.

SCIENTIFIC COMMUNITY

International scientists rethink U.S. conferences
Opposition to Trump administration and fears of customs run-ins are shifting travel plans
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By Andrew Curry

T
oday, the Sahara Desert is a sea of 

sand, but 7000 years ago it was a lush 

savanna full of hippos, crocodiles, ele-

phants, and giraffes. During a humid, 

monsoon-heavy interval that spanned 

more than 5 millennia, people hunted, 

fished, and eventually herded livestock in a 

landscape now covered by shifting dunes.

But who were they? Many archaeo-

logists believed migrants from south of the 

Sahara mingled there with people from 

the Mediterranean. But the idea was hard 

to test: The hot, dry conditions that have 

dominated the Sahara since then have left 

little DNA preserved in ancient bones. Now, 

a team of geneticists and archaeologists has 

at last succeeded in gleaning genetic data 

from early Saharans: two women buried 

in a cave in southern Libya. “It’s the first 

time ancient genomes have come out from 

anywhere in the Sahara,” says University of 

Oxford archaeologist Peter Mitchell. “It’s 

very exciting.”

The findings, reported in a paper this 

week in Nature, reveal a previously un-

known population, entirely disconnected 

from people living in sub-Saharan Africa 

at the time. “It’s surprising,” says Eugenia 

D’Atanasio, a population geneticist at the 

Sapienza University of Rome who was 

not involved in the research. “I would 

have expected more gene flow across the 

green Sahara.” 

Between 2003 and 2006, a team of 

archaeologists excavated a rock shelter 

called Takarkori in southwestern Libya, 

near the Algerian border. Although the site 

“is now in the middle of the desert,” says 

archaeologist and excavation leader Savino 

di Lernia of Sapienza, the people living here 

7000 years ago would have looked out over 

a lake year-round. 

The site yielded pottery sherds impreg-

nated with milk fats, the oldest evidence 

of dairying in Africa, and some of the first 

signs of wild cereal domestication on the 

continent. Nearby caves are richly deco-

rated with rock art depicting hunting and 

herding scenes. It also concealed the re-

mains of 15 women and children who were 

buried between 8000 and 400 years ago.

Two of them—both women in their 40s—

died around 5000 B.C.E., after shifting cli-

mate patterns ended the Sahara’s green 

period. Their bodies were naturally mum-

mified by the dry desert conditions and 

contained enough preserved DNA for re-

searchers to reconstruct their genomes and 

compare their ancestry with databases of 

modern and ancient populations. “We were 

very fortunate to have samples preserved 

at this level,” says co-author Nada Salem, a 

paleogeneticist at the Max Planck Institute 

for Evolutionary Anthropology (EVA).

Based on archaeological findings and 

previous genomic studies, research-

ers previously hypothesized that mi-

grants from northern Africa populated 

the green Sahara, and later mixed with 

people from sub-Saharan Africa and 

the eastern Mediterranean. “People 

said this was a corridor,” says co-author 

Johannes Krause, a geneticist at EVA. “After 

all, animals came in from the sub-Saharan 

savanna more than 10,000 years ago.”

Instead, the DNA suggests their ancestors 

were distinct from sub-Saharan Africans. 

Another clue revealed they didn’t come 

from the Levant, either. The genomes of 

people from that region—and much of the 

world outside Africa—contain DNA derived 

from Neanderthals, acquired when modern 

humans began to move out of Africa and 

swap genes with our close cousins, some 

50,000 to 60,000 years ago. But the genome 

of the woman with the best preserved DNA 

had only a vanishingly small amount of Ne-

anderthal ancestry, 10 times less than peo-

ple living outside sub-Saharan Africa today.

Meanwhile, the women’s mitochondrial 

DNA, which is passed down along the ma-

ternal line, suggested their ancestors came 

from an African population that provided 

some of the earliest modern human mi-

grants to Europe. That population has now 

vanished from both continents. “It’s a pop-

ulation that’s separate from sub-Saharan 

Africa,” Salem says, “but also distinct from 

people outside Africa today.”

Mysteries remain. Pottery found at Ta-

karkori resembles that made across North 

Africa. That suggests contact with people 

outside the Sahara. Yet the genes don’t 

show any mixing with new populations, 

even when new technologies—such as herd-

ing cattle and goats—were introduced about 

8300 years ago. Such technological and cul-

tural shifts in other places are often accom-

panied an influx of new people. “The green 

Sahara wasn’t a corridor for the movement 

of people, but for sure it was a corridor for 

ideas and technology,” di Lernia says. 

 Although the ancestry of these women 

offers a good start to the story of those who 

occupied this fleeting green Sahara, much 

more work is needed, Mitchell says. Since 

di Lernia’s excavations at Takarkori 20 years 

ago, political tensions and violence have 

made working in the region dangerous. “Ex-

citing as this is, it’s difficult to be absolutely 

sure how much to make of it based on two 

data points,” Mitchell says. “Maybe if we 

had DNA from other burials in the Sahara, 

we’d see a more complicated picture.” j

The view today from the Takarkori rock shelter in Libya is arid desert, but it once looked out over a lake.

POPULATION GENETICS

Ancient DNA illuminates ‘green Sahara’ dwellers
Skeletons from an ancient, lush interlude offer genetic peek at a lost population



By Cathleen O’Grady

H
uman language can combine words 

to create an infinite number of 

meanings—an ability that gives lan-

guage its expressive power and sets 

it apart from the communication of 

other animals. Now, researchers have 

found a more modest version of this ability 

in bonobos, our closest living relative. The 

apes can combine different calls to create 

new meanings, the team reports this week 

in Science (p. 104).

It’s a “pivotal” study that “will change the 

face of the field,” says Maël Leroux, an evolu-

tionary biologist at the University of Rennes 

who was not involved with the work. The 

finding is “compelling evidence for abilities 

that were assumed to be uniquely human.”

Previous studies have found that other 

animal species can combine their calls, but 

only in “trivial” combinations that simply 

add the meanings together. Human language 

is much more powerful: Speakers can com-

bine words into more than the sum of their 

parts. For instance, “tall cook” is a trivial 

combination—it means someone who is tall 

and a cook. But “good cook” is not some-

one who is good and a cook: They might be 

good at cooking, but terrible in other areas—

perhaps a dangerous driver. This combina-

tion of words generates a new meaning.

To find out whether bonobos are capable 

of making these “nontrivial” combinations, 

University of Zürich (UZH) animal commu-

nication researcher Mélissa Berthet spent 

8 months following wild bonobo groups 

in the Kokolopori Bonobo Reserve in the 

Democratic Republic of the Congo. Every 

day, she and her guides set out at about 

4 a.m. to find the bonobos before they left 

their overnight nests, then tracked them all 

day. Whenever she had a clear view of their 

activities, she recorded every vocalization, 

along with all its context: who made it, 

what they were doing, how other animals 

responded, and even what the weather was 

like. Any number of more than 300 con-

textual features could be linked with each 

call. Eventually, Berthet started to under-

stand some of what the animals were com-

municating: “You see a vocalization and 

then everybody moves … and it’s very sat-

isfying to be like, ‘Ah, I think I start to get 

it,’” she says.

Berthet recorded 700 different vocaliza-

tions, many of which were combinations of 

two distinct calls, like “whistle and peep” 

or “high hoot and low hoot.” To see whether 

the animals were creating new meanings 

from these combinations, the team bor-

rowed an approach from human language 

studies, statistically analyzing how much 

context the vocalizations shared with each 

other. (In human language, words that oc-

cur in similar contexts tend to be more 

closely related in meaning.)

Three combinations stood out: Their 

meanings appeared different enough from 

those of their constituent calls that they 

seemed to count as nontrivial combina-

tions. “High hoot and low hoot” was one of 

these. “Low hoot,” the team found, is often 

used in situations of high excitement, and 

appears to mean something like “I am ex-

cited.” “High hoot” is used when bonobos 

want to alert others to their presence and 

may mean “Pay attention to me.” But the 

combination of the two calls doesn’t sim-

ply mean “I am excited, pay attention to 

me”; instead, it conveys a more nuanced 

message. It is used specifically when an-

other individual is putting on an aggres-

sive display. The bonobo using this call 

combination might be trying to stop the 

other individual from displaying or get 

others in the group to pay attention to the 

caller, the authors suggest.

The findings suggest bonobos have 

a “precursor” to the human capacity to 

combine units of language to create new 

meanings, says senior author Simon 

Townsend, a primate communication re-

searcher at UZH. Both bonobos and hu-

mans may have inherited the ability from 

our common ancestor some 7 million years 

ago, he says.

Even more exciting than the results, 

Leroux says, is the method Berthet and her 

colleagues used for defining and comparing 

the potential meanings of different calls. 

Past animal communication studies have 

described general contexts for particular 

calls, but have not been this systematic or 

specific in documenting the circumstances. 

The team’s approach is “revolutionary” 

and has “fantastic potential” for studying 

communication in other species, says Gal 

Badihi, an animal communication re-

searcher at the University of St. Andrews. 

It also suggests a new direction for 

studying primate communication, says 

Cedric Boeckx, an evolutionary linguist at 

the Catalan Institution for Research and 

Advanced Studies. Communication re-

search in great apes has often focused on 

their gestures, but this study shows that 

bonobos’ vocal calls also have rich mean-

ings, he says. Future experiments with 

other primate species—including chim-

panzees but also gibbons and marmosets—

could shed new light on the complexities of 

other communication systems.

Leroux agrees: “We have so much to do 

now, thanks to them.” j
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‘Uniquely human’ language 
capacity found in bonobos
Study is the first to show an animal combining 
different calls to make new meanings

ANIMAL BEHAVIOR

Researchers spent 8 months following 

wild bonobos and recording their vocalizations.
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hen  Marilyn Ezzy Ashcraft, 

mayor of Alameda, Califor-

nia, scrolled through The New 

York Times  on a Saturday 

morning in April 2024, a 

story about a controversial 

experiment caught her eye. 

Researchers from Washing-

ton state were trialing a ma-

chine that looked like a big snow cannon, 

which they hoped could one day be used to 

brighten clouds to reflect more of the Sun’s 

rays. They’d been spraying tiny salt particles 

into the air over the San Francisco Bay. 

At first, Ashcraft wondered which neigh-

boring town was hosting the test. But as she 

read, she was shocked to learn that the re-

searchers were conducting their experiment 

right there in Alameda. 

Ashcraft texted her acting city manager, 

who was equally surprised. The story re-

vealed that the researchers had kept the test 

a secret to limit protests. “It wasn’t just an 

oversight that they forgot to tell the city,” 

Ashcraft says. “They chose not to.” Con-

cerned about the safety of the test, city staff 

investigated. Though a report concluded it 

was harmless, the council eventually voted 

to ban it, discomfited by the researchers’ 

lack of transparency.

Ashcraft hoped this would be a “teach-

able moment” for the research team. “Maybe 

they were just in such a hurry, or maybe they 

thought they could get by without being no-

ticed,” she says. “Whatever it was, it didn’t 

work well for them. It really backfired.”

The technology being trialed in Alameda 

was one of a suite of new geoengineering 

tools—many still in the earliest stages of 

development—that aim to modify the atmo-

sphere or the ocean in order to fight climate 

change. Some of these tools are designed to 

remove carbon dioxide (CO2) from the atmo-

sphere, a step that, along with drastic emis-

sions cuts, scientists agree will be essential 

for limiting global warming to 1.5°C. Others—

such as cloud brightening—don’t counter the 

drivers of climate change, but aim to limit 

warming, protecting vulnerable ecosystems 

such as coral reefs. 

One thing these technologies have in com-

Geoengineering could be crucial in the fight against 
climate change. But first scientists need to learn how to talk 

to the public about it  By Rebekah White
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mon, however, is that they’re at risk of being 

stopped before they can even be tested in the 

field. Researchers’ ability to conduct even 

the most basic field tests depends on the 

goodwill of nearby communities, but critics 

charge that many project leaders treat pub-

lic engagement as a check-box exercise—or 

forgo it entirely. In the past 3 years, public 

outcry has thwarted several climate engi-

neering projects.

Others, however, have built enough trust 

to proceed. Their success has taught some 

key lessons—as has a flurry of studies by 

social scientists. These researchers have 

explored the kinds of concerns people 

hold about climate engineering, how to 

have productive public discussions about 

it, and even where 

to run experiments. 

Yet their findings are 

rarely incorporated 

into the groundwork 

for field tests.

“It’s really, really hard to be taken seri-

ously,” says social scientist Sikina Jinnah 

of the University of California, Santa Cruz. 

“There’s a handful of scientists who I think 

bend over backwards to support social sci-

ence and to advocate for the inclusion of 

social scientists and their perspectives, but 

they’re few and far between.”

GEOENGINEERING—deliberately altering the 

workings of the planet—sounds ambitious, 

even arrogant. Perhaps inevitably it invites 

concerns about meddling with nature, and 

poses tricky questions about who decides 

when and where the technologies should 

be deployed.

It comes in two main flavors (see graphic, 

p. 22). Solar radiation modification describes 

techniques for deflecting the Sun’s rays, from 

painting buildings white, to brightening 

clouds, to injecting tiny reflective particles 

into the stratosphere. The international 

shipping fleet has been inadvertently geo-

engineering the planet for decades with 

emissions from ships’ stacks: When new 

shipping regulations restricted sulfur dioxide 

emissions in 2020, the resulting rise in sea-

surface temperatures suggested the pollution 

had been brightening clouds above the sea.

Carbon removal, on the other hand, de-

scribes ways to reduce the level of CO2 in 

the atmosphere, from low-tech strategies 

such as planting trees and restoring wet-

lands to new methods such as changing the 

chemistry of the ocean to absorb more CO2 

or vacuuming the gas out of the air with 

giant filters. Currently, carbon-removal ef-

forts soak up about 2 gigatons of CO2 from 

the atmosphere each year, mostly through 

the planting of new forests. That amount 

would likely need to quadruple by 2050 

in order to limit warming to 1.5°C, accord-

ing to a 2024 report from the University 

of Oxford, requiring the rapid scale-up of 

new carbon-removal methods. “It’s got to 

go from something that most people have 

never heard of to the biggest industry the 

world has ever seen in a really short time,” 

says climate scientist David Ho, a professor 

at the University of Hawaii at Manoa. 

Because carbon-removal technologies are 

so new and unfamiliar, public perceptions of 

them have not yet hardened. But many worry 

researchers are squandering the opportunity 

this presents. When it comes to ocean-based 

carbon removal, for instance, “I just feel like 

we’re at a really vulnerable stage from a pub-

lic perception standpoint,” says Sara Nawaz, 

who directs research at American University’s 

Institute for Responsible Carbon Removal 

Law and Policy. “I think that there’s totally 

the risk that one or several projects that get 

really stigmatized can just delay things or 

even just totally kind of take it off the table.”

FORGOING PUBLIC engagement has al-

ready had fatal consequences for solar geo-

engineering projects—with ramifications for 

the entire field.

In 2021, the Harvard University–backed 

Stratospheric Controlled Perturbation Ex-

periment (SCoPEx) project was planning to 

launch a balloon in Sweden to study strato-

spheric aerosol injection, the theory that re-

leasing tiny particles of calcium carbonate 

or sulfur dioxide into the stratosphere will 

reflect enough sunlight to temporarily cool 

the planet. The balloon flight would simply 

test whether SCoPEx’s equipment worked as 

intended, not release particles. 

In the lead-up to the test flight, SCoPEx’s 

advisory committee debated the need for 

public engagement. Some members argued 

the test flight bore little difference to at-

mospheric research routinely carried out 

without public consultation, whereas others 

advocated for transparency and dialogue. In 

the end, the committee ruled that public out-

reach wasn’t necessary.

But, as with the Alameda project, the in-

tention of the research was more important 

to people than what was actually taking 

place, and after objections from the Saami 

Council, a local Indigenous group, as well 

as local and international campaigners, the 

flight was halted. “These experiments and 

these technologies have much deeper mean-

ing than just whether or not there’s particles 

in the air,” says Jinnah, who co-authored a 

paper describing SCoPEx’s governance chal-

lenges and joined the advisory committee fol-

lowing the launch cancellation.

The debates continued as the team 

planned its next moves. Should the research-

ers only engage with the community at the 

launch site, or with the global public, which 

stood to benefit from planetary cooling? And 

should engagement simply involve informing 

people, or should it be a process of building 

relationships with communities and incor-

porating their concerns into research? Most 

guidelines for public engagement assume a 

project will continue for a significant length 

of time. SCoPEx wanted to launch a balloon 

and leave.

The advisory committee could not agree 

on a plan, and the project leaders ulti-

mately decided to pull the plug in 2024. In 

an interview with MIT Technology Review, 

SCoPEx co-leader David Keith said the proj-

ect’s prominent failure would make this 

branch of research more difficult.

Scientists spray salt 

particles into the air 

above the deck of the 

USS Hornet, docked in 

Alameda, California.
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CLIMATE ENGINEERING can be even more un-

settling to the public than other controversial 

technologies such as genetic engineering. 

It involves tinkering with complex natural 

systems—the sea, the sky—which largely ren-

ders it irreversible: It isn’t possible to retrieve 

sulfur dioxide particles from the stratosphere 

or grains of CO2-absorbing mineral sand from 

the seabed. And exactly how the technologies 

will be deployed and regulated is unclear.

“You’re not just asking people, what do 

they think of this technology or this field trial 

or this sort of machinery or activity,” Nawaz 

says. “You’re asking people to contemplate 

different potential futures that could arise. 

So you’re asking them to think through, what 

do you want the world to look like?” 

Such outreach often meets with scepti-

cism. In a study led by Livia Fritz, a social 

scientist at Aarhus University, hundreds of 

people across 22 countries in the Global 

North and Global South spoke in focus 

groups about how they believed geoen-

gineering projects should be discussed. 

Most expressed disillusionment with 

 engagement—not because they didn’t want 

to be consulted, but because they had ex-

perienced bad-faith consultations in the 

past that sought to convince rather than to 

listen.

Some participants didn’t believe the public 

should be involved in decision-making, citing 

concerns about people being manipulated by 

misinformation, then making consequential 

decisions, Fritz says. “Brexit, for example, 

was mentioned a lot here.” She says the re-

sults point to the need for open consultation 

on climate engineering that isn’t limited to 

issuing or denying permission for particular 

projects, but that allows people to consider 

and debate the technologies more broadly. 

Solar radiation modification research 

rouses other suspicions: Studies have found a 

strong overlap between online discussion of 

the technology and long-standing conspiracy 

theories, such as the idea that condensation 

trails from airplanes are in fact chemicals 

released for an unknown but nefarious pur-

pose. These conspiracy theories and other 

misunderstandings are partly behind moves 

to ban or restrict solar geoengineering: There 

are bills passing through the legislature in 

28 U.S. states to limit research or deployment 

of the technology, most of which were intro-

duced in this year.

Yet engagement offers one form of inocula-

tion against the spread of misinformation, ac-

cording to a National Academies of Sciences, 

Engineering, and Medicine report from 2017. 

Transparent communication builds trust, the 

report concludes, such as when scientists dis-

close funding sources or potential conflicts of 

interest or demonstrate a willingness to lis-

ten to public concerns.

Jinnah says some scientists believe engage-

ment isn’t necessary because they feel the 

importance of the research should override 

public concerns, and because some people 

will be opposed to it no matter what out-

reach takes place. But engagement can lead 

C
R

E
D

IT
S

: 
(G

R
A

P
H

IC
) 

A
. 

F
IS

H
E

R
/

S
C

IE
N

C
E

; 
(T

IM
E

L
IN

E
) 

M
. 

H
E

R
S

H
E

R
/

S
C

IE
N

C
E

Ocean fertilization
Adding iron sulfate or other nutrients would produce 
blooms of phytoplankton, which would absorb carbon 
dioxide and take it to the ocean floor when they die.

Marine carbon dioxide removal
Technologies that boost the removal of carbon dioxide 
from the atmosphere (gray arrows) by changing the 
chemistry of the ocean could help limit global warming.

Marine cloud brightening
Ships would spray a fog of sea salt particles into 
low-lying clouds to brighten them, causing them 
to reflect more sunlight.

Stratospheric aerosol injection
Balloons or aircraft would release tiny sulfur 
dioxide or calcium carbonate particles into the 
stratosphere to reflect solar radiation. 

Solar radiation modification
Researchers have proposed various methods 
to curb the effects of climate change by reflecting 
sunlight away from the planet.
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Ocean alkalinity enhancement
Alkaline minerals would be released from ships or 
outflow pipes, or spread along the beach to dissolve in 
the water, enhancing alkalinity and increasing carbon 
dioxide uptake.

1974

Soviet climatologist 
proposes releasing sulfur 
aerosols in the stratosphere 
to deflect sunlight.

JULY 1988

Oceanographer John Martin sparks 
interest in fertilizing the ocean with iron 
to produce blooms of phytoplankton that 
consume carbon dioxide.

SEPTEMBER 1990

British cloud physicist 
suggests spraying saltwater 
droplets into clouds to
make them more reflective.

SEPTEMBER 1995

A paper proposes
sequestering carbon 
dioxide by increasing 
ocean alkalinity.

APRIL 2004

A study suggests iron 
fertilization in the Southern 
Ocean could increase 
carbon dioxide uptake.

SEPTEMBER 2009

A Royal Society report 
spurs interest in 
carbon removal and 
solar geoengineering.

MAY 2012

A U.K. stratospheric aerosol 
injection test is canceled
following conflict-of-interest 
issues and public protests.

JULY 2012

U.S. entrepreneur Russ 
George slammed for 
dumping iron into the open 
ocean to revive a fishery.

APRIL 2017

A Canadian nonprofit 
sparks protests after 
applying for permits to 
dump iron near Chile.

2020–25
(see right)

MAY 2008

United Nations puts a 
moratorium on ocean-
fertilization experiments
in the open ocean.

20001980

A turbulent history
Scientists have suggested using geoengineering to combat climate change since the late 20th century. Solar radiation modifi cation ( ) includes proposals to refl ect 

sunlight away from Earth, whereas marine carbon dioxide removal ( ) includes technologies for changing the chemistry of the ocean to speed up its absorption of 

carbon. Field trials of the technologies have accelerated in the past 5 years, but public perception remains fraught and many projects have foundered.

Phytoplankton
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MARCH 2020

Australian scientists begin 
testing cloud-brightening 
equipment over the
Great Barrier Reef.

MARCH 2021

SCoPEx cloud- 
brightening test flight 
in Sweden canceled
after public protest.

JANUARY 2020

New shipping regulations restrict 
sulfur emissions; later studies suggest 
ships’ pollution had inadvertently 
been brightening clouds.

APRIL 2023

First public protest is held over Planetary 
Technologies’s ocean alkalinity 
enhancement tests in Cornwall, England;
the project is later put on hold.

OCTOBER 2023

Planetary 
Technologies field 
tests take place
in Halifax, Canada.

MAY 2023

A NOAA special report 
suggests there is still 
potential in ocean 

iron fertilization.

JULY 2022

Vesta conducts an ocean alkalinity 
enhancement test, spreading olivine 
sand at Little Peconic Bay on Long Island 
with public support.

MARCH 2024

The entire 
SCoPEx
project is 
canceled.

JULY 2024

Vesta conducts 
a field test in 
Duck, North 
Carolina.

MAY 2024

Alameda, California,
cloud-brightening
equipment test halted
after council outcry.

SPRING 2025

Planetary Technologies is 
conducting public 
engagement ahead of field 
trials in Vancouver, Canada.

2020 2021 2022 2023 2024 2025

to greater flexibility in people’s viewpoints by 

defusing tensions and resolving objections, 

says Rob Bellamy, a social scientist at the 

University of Manchester. “People often dis-

play something that’s called reluctant accep-

tance,” he says. “They’re actually quite happy 

for you to go ahead and do your experiments 

because they recognize through the delib-

erative process that … we’re at a point now 

where we need to start considering these 

more controversial ideas.”

Researchers, too, may learn something by 

listening: Local people know their area bet-

ter than anyone, and might raise potential 

complications that aren’t even on scientists’ 

radars. Cardiff University social scientist 

Emily Cox says research on carbon removal 

in the United Kingdom consistently finds 

that no one is entirely opposed to it. Rather, 

people want to know whether the large ar-

rays of energy-hungry machines might create 

competition for electric power, or increase 

housing pressures by occupying much-

needed land.

“Not all technologies that are developed 

should go on to be deployed,” Bellamy says. 

“I’m certain there will be some technologies 

that won’t go on to be deployed for very good 

reasons. And public participation helps us 

feed into those decisions.”

THE ATTEMPTS SO FAR HAVE ALSO taught 

some lessons about public engagement, in-

cluding a sobering one: Success isn’t guaran-

teed. Social license can be lost overnight, as 

Planetary Technologies learned on 1 March 

2023, when it presented its research plan to 

people in the coastal town of Hayle, near the 

western tip of Cornwall in England.

Planetary was preparing to conduct a trial 

of ocean-alkalinity enhancement—a nascent 

carbon-removal method that entails chang-

ing the pH of seawater to accelerate CO2

uptake from the atmosphere. After a long 

search for a test site, the Canadian startup 

had landed on St. Ives Bay, where it was to 

partner with a local utility company to add 

magnesium hydroxide to an outflow pipe. 

The chemicals would be discharged into the 

bay, where they would be stirred up by Atlan-

tic Ocean currents.

The meeting was at capacity. CEO Mike 

Kelland asked whether anyone was worried 

about the climate crisis. The room bristled. 

Cornwall is known for its environmentalism; 

it’s part of the region’s identity.

When a member of the public asked what 

would happen if something went wrong, 

Kelland said Planetary would go out of busi-

ness. It seemed to more than one attendee 

that he hadn’t considered what might hap-

pen to the bay. They were concerned by what 

they saw as attempts to downplay the chemi-

cal the company was using by describing it as 

“an antacid for the sea.” 

The meeting was “dreadful,” says Sue Sayer, 

a researcher who studies the seal colony 

in the bay and directs the nonprofit Corn-

wall Seal Group Research Trust. “They did 

20 minutes for discussion, and then it was 

pasties and wine. And everyone refused to 

leave for pasties and wine and said, ‘We’re not 

leaving until you answer all our questions.’”

Within the month, St. Ives town councilor 

Senara Wilson Hodges had launched a pro-

test movement, Keep Our Sea Chemical Free. 

“It was just feeling like something’s being 

done to you with zero consultation,” she says.

Kelland had obtained an environmental 

safety review. He’d been meeting stakehold-

ers all over the region. Even the mayor of 

Hayle was in support. What he was missing 

was an understanding of the region’s history 

and identity. In Cornwall, people have a rea-

son to be skeptical of the use of chemicals 

in the sea. In 1967, a tanker foundering on 

the coast caused one of the world’s largest 

oil spills, and in recent years beaches have 

been polluted by sewage discharged by the 

same utility company that was to be Plan-

etary’s partner. “I think a lot of it is doing 

your homework in advance and understand-

ing what you’re getting yourself into, which I 

don’t think we did very well in that location,” 

Kelland says. 

Planetary’s work in Cornwall never re-

sumed; the trial planned in 2023 remains 

on hold.

THE CORNWALL PROJECT demonstrates that 

large-scale projects will only succeed if they’re 

a good match for the local culture, social sci-

entists say. “It’s not all about engagement,” 

Cox says. “It’s also about place-technology 

fit. You’ve got to do the right thing in the 

right place, and you’ve got to understand the 

culture and history of the local area, and then 

work with that.”

Fritz and others have found that people 

from the Global South are generally more 

open to solar geoengineering than those in 

the Global North, perhaps because they are 

presently bearing the brunt of climate im-

pacts. Global South participants in Fritz’s 

research were more likely to have experi-

enced a major natural disaster in the past 

3 years and to expect that climate change 

would harm them personally. Younger 

and more vulnerable groups, who like-

wise stand to be more affected by climate 

change, also tend to be more supportive of 

climate interventions. 

At the same time, at least in the United 

States, people in more deprived areas may be 

more skeptical of untested technologies, as 

they are often still facing the consequences 

of prior industrial pollution. These regions—

which often have existing infrastructure and 

an underemployed workforce—are good 

candidates for running operations once the 

technology has become more established, a 

2023 document from Lawrence Livermore 
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National Laboratory concludes, whereas ar-

eas with higher socioeconomic status may be 

better suited for collaborating on early trials.

Who’s in charge can also make a big differ-

ence. In a collaboration with Cox, Bellamy 

has found that people were more likely to say 

they’d oppose a hypothetical ocean alkalinity 

enhancement project if told it will be run by 

companies funded by private investment—

but they’re much more open to the techno-

logy when they’re told it will be operated 

by local cooperatives. “The specifics mat-

ter,” Nawaz says. “The specifics not only of 

the technology that you’re 

talking about, but also what 

exactly that looks like in 

practice in a given ecosys-

tem or geographic context.”

Some projects have suc-

ceeded in finding the right 

fit. Planetary has received 

much more public support 

for field tests in its home of 

Halifax, Canada, than it did 

in Cornwall. The company 

has a trusted collaborator 

in Dalhousie, the local uni-

versity, and its approach 

to public engagement has 

evolved. “We move at the 

speed of trust,” says Diana 

Philip, a community-en-

gagement practitioner who 

joined Planetary in September 2024. Now, 

she says, the company’s first step is to try to 

understand a community and its needs. “We 

have to move from just informing to, ‘How 

do we collaborate? How can this be more 

beneficial to you?’”

Meanwhile, in the U.S., a startup called 

Vesta was able to run its first field trial on 

New York state’s Long Island after the local 

community invited the company to come 

and pitch the experiment to them. Vesta 

aims to boost marine carbon removal by 

spreading highly alkaline sand made of oliv-

ine, a greenish rock, in the tidal zone, where 

waves will erode it, releasing its alkalinity. 

Residents of the small community border-

ing what is arguably the world’s first geoen-

gineered beach are enthusiastic about their 

role in testing a potential climate solution.

DESPITE THE MISSTEPS in Alameda and 

Sweden, there is one place where solar 

geoengineering has broad public support. 

For the past 5 years, oceanographer Daniel 

Harrison of Southern Cross University has 

been leading a cloud brightening project off 

the northeastern coast of Australia—without 

local or international protest. 

On a ship over the Great Barrier Reef, the 

scientists have been spraying a fine plume of 

saltwater particles into the sky, on and off, 

since 2020. When the tiny particles reach 

existing clouds, they attract water vapor and 

swell to 500,000 times their size, forming vis-

ible droplets.

The project aims to find out whether the 

salt particles will increase the clouds’ re-

flectivity, bouncing more sunlight back into 

space before it hits the water. If it succeeds, 

the technology might cool the ocean enough 

to prevent the death of the Great Barrier Reef.

This is a big operation. Below decks are 

three shipping containers’ worth of machin-

ery to suck up seawater and generate salt-

water spray. A second ship carries a lab that 

measures the size and distribution of the salt 

particles, while an aircraft, nicknamed Bruce, 

samples clouds to measure the particles that 

reach them. A drone takes on the role of a 

weather balloon, as these are banned in this 

highly regulated patch of ocean: Balloons 

burst, fall to the surface, and become ocean-

borne waste. 

The Great Barrier Reef is traditionally 

owned by more than 70 Indigenous groups, 

and the researchers obtained permission 

from every group whose sea country over-

lapped with their proposed testing area. “We 

have a self-imposed rule,” Harrison says. “We 

don’t do any research on sea country without 

the express prior permission of traditional 

owners. We’ve never been refused for cloud 

brightening, but if we were, we’d have to go 

do it somewhere else.”

The marine cloud brightening project also 

ran 1 year’s worth of community engagement 

panels in Townsville, a nearby city, and in-

vited the public to share ideas and concerns. 

“What we strive towards is codesigned re-

search,” Harrison says. “So it’s not as simple 

as just going and asking them for permission. 

We ask for their input, we ask for their opin-

ions, we invite them to be part of the process.”

People identified risks that Harrison and 

his team hadn’t considered. Would salt be 

carried over the crop fields of northeastern 

Queensland? Would it rust all the cars in 

Townsville? The researchers investigated, 

and learned that the amount of salt they 

produced was minuscule compared with 

the quantity that naturally blows in from 

the sea. 

In 2024, an independent survey of the 

project found a majority of people Australia-

wide support it, a view Harrison attributes to 

the project’s clear purpose and limited scope. 

“We’re not just doing science for the sake of 

doing science. We’re doing science to try and 

find solutions for the reef.”

By winning over the pub-

lic, Harrison’s effort has 

become the first solar geo-

engineering project to stage 

a real world test, 3 decades 

after cloud brightening was 

proposed. “We’re the first 

ones to ever go and test any-

thing outside,” he says.

THOUGH RESEARCH POINTS 

the way, scientists agree 

there’s no recipe book for 

climate-tech engagement 

that can be used for each 

new project. But some struc-

tural changes would make 

the process a whole lot eas-

ier, social scientists say. “We 

tend to say, ‘There’s a project here, let’s go 

and talk to people about what they want,’” 

Nawaz says. “The project level is a deeply 

flawed way to do engagement. We need to be 

thinking about what the impacts are at scale.”

Instead of communities being consulted 

over and over again for different climate 

engineering projects, Nawaz proposes 

that an independent authority could over-

see a single consultation across an entire 

region, to get a bird’s-eye picture of the 

area’s history, culture, ecosystems, and 

resources, and figure out—with public 

input—the types of projects that would 

best suit the area. Geo-engineering tests 

could be combined with the develop-

ment of other climate-related infrastruc-

ture, such as the additional renewable 

energy sources that will be required by 

some technologies.

One thing is clear: Effective technology 

and good intentions will never be enough 

to get climate engineering off the ground. 

“There’s no point having a technological solu-

tion if you don’t have the social license to use 

it,” Harrison says. “If the community and the 

public don’t support this, then it’s never go-

ing to happen.” j

Rebekah White is a science journalist based 

in New Zealand.
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Protesters campaign against a planned trial by Planetary Technologies in England’s St. Ives Bay.
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By Ammie K. Kalan1 and Lydia V. Luncz2

B
iodiversity is increasingly declining 

in response to the effects of human 

activities on Earth’s climate, geologi-

cal processes, and ecosystems. This 

includes the degradation of behav-

ioral and cultural diversity of animals 

(1–4). Cultural behaviors—the activities and 

skills acquired through social learning—can 

contribute to a species’ ability to adapt to en-

vironmental changes, which can enhance the 

overall health and functionality of ecosystems 

(5). Some cultural behaviors involve tool use 

to access resources such as food, water, and 

mates, thereby contributing to the long-term 

survival of a species. These tool-use behav-

iors leave behind physical artifacts and sites 

that provide material evidence of nonhuman 

cultural activity (6). Comparative research 

on diverse animal material cultures can of-

fer insights into the evolutionary origins of 

behaviors and improve comprehension of 

human evolution. However, a steep decline 

in population sizes worldwide is threatening 

progress in understanding the behavioral di-

versity of wild animals. 

Some behavioral diversity observed in wild 

animals (including whales, dolphins, and 

some birds) has been identified as cultural, 

whereby culture is broadly defined as behav-

ioral traditions that are learned and transmit-

ted across generations through social means 

such as observing, copying, and interacting 

with others (5). Animals with rich cultural 

repertoires are better equipped to innovate 

and adapt, using learned behaviors to exploit 

new resources or navigate new challenges (4). 

In this way, cultural diversity acts as a form 

of ecological insurance, enabling populations 

to respond to unpredictable changes in their 

surroundings. This has broadened our under-

standing of the capacity and importance of 

behavioral and cultural plasticity in respond-

ing to major threats imposed by humans (5). 

Moreover, examining how cultural practices 

vary across species can provide a deeper 

understanding of the similarities and differ-

ences in social behaviors and cognitive abili-

ties between species, including humans. 

Identifying culture in wild animals can 

be challenging because of the limitations of 

1GAB Lab, Department of Anthropology, University of Victoria, 
Victoria, BC, Canada. 2Technological Primates Research 
Group, Max Planck Institute for Evolutionary Anthropology, 
Leipzig, Germany. Email: lydia_luncz@eva.mpg.de

P E R S P E C T I V E S

INSIGHTS

A long-tailed macaque uses a stone to open 

a shell (Koram Island, Thailand), an example of 

behavioral culture in wild animals.

ANIMAL BEHAVIOR

Saving the cultural legacy of wild animals 
Loss of biodiversity threatens the study of tool use and other cultural behaviors in animals
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observational methods and diverse ways in 

which culture manifests in different species. 

Some behaviors may be subtle and harder 

to recognize and define, such as play and 

communication signals. Only through com-

parisons across multiple groups of the same 

species can cultural diversity be understood 

and socially learned behaviors be teased apart 

from largely genetically driven responses (5). 

Technological advances in applied animal be-

havior research, such as camera traps, audio 

sensors, and genetic analyses, have effectively 

documented cultural behavior in animals (5, 

7, 8). Cultural traditions in animals include 

variable socially transmitted behaviors such 

as the songs of humpback whales, prey pref-

erences of orcas, and migratory routes of 

bighorn sheep (5). These cultural behaviors 

contribute to the social cohesion and resil-

ience of animal societies, enhancing their 

collective ability to thrive in diverse environ-

ments (4). However, one of the most reliable 

ways to identify behavioral and cultural di-

versity focuses on tool use because of its con-

spicuous and tangible nature. Tool use leaves 

behind physical artifacts that can be exam-

ined to reconstruct an animal’s behavior as 

well as facilitate the identification of cultural 

variation such as differences in tool selection, 

function, or frequency of use (3, 5–8).

Habitual tool use is rare in animals (9). 

Where it does occur, most tools are made 

from vegetation that is ephemeral because of 

its organic nature. Only a few nonhuman spe-

cies regularly use durable stone material as 

tools. For example, stone-tool use is observed 

in otters and seabirds to break open various 

marine prey (9). Some of the closest living 

primate relatives to humans exhibit myriad 

ways in which stones are used as hammers, 

anvils, and sometimes for sociocommunica-

tive purposes (3, 6, 7, 9–11). Yet much of the 

stone-tool use observed in nonhuman pri-

mates is for percussive foraging behaviors 

such as pounding open various nuts and 

shellfish (3, 6, 7, 10). Three primate taxa dem-

onstrate habitual stone-tool use in the wild, 

with evidence for social learning and culture: 

chimpanzees (Pan troglodytes verus) in West 

Africa, capuchins (Sapajus libidinosus, Ce-

bus capucinus) in Central and South Amer-

ica, and macaques (Macaca fascicularis) 

in Southeast Asia. Unlike most animal tool 

use, these stone-tool behaviors leave behind 

a high concentration of durable artifacts be-

cause of their repeated use at the same loca-

tion and extensive modifications of the raw 

material (6). Over time, these concentrations 

of artifacts create conspicuous technological 

landscapes that are amenable to archaeo-

logical inquiry (3, 10, 12, 13). Moreover, the 

use of archaeological methods has shown 

that primate tool-use behavior demonstrates 

intergenerational transmission of cultural 

knowledge that has existed for thousands of 

years (12, 13). Yet the very existence of these 

material cultures is under threat, given that 

many nonhuman primates face extinction. 

By examining nonhuman primates as liv-

ing models of an evolutionary history shared 

with humans, it is possible to gain new in-

sights into the origins of human technology 

and culture. Nonhuman primate material 

cultures, in combination with observed be-

havior, provide an unprecedented opportu-

nity to interpret the static hominin record 

(stone tools of extinct human species), where 

stone material is the only evidence left to in-

fer past behavior (6). Recent discoveries show 

that nonhuman primate stone artifacts can 

challenge long-standing interpretations of 

tool use in hominins. For instance, the first 

production of sharp cutting stone flakes at-

tributed to human ancestors was thought to 

require advanced cognitive skills, foresight, 

and understanding of fracture mechanics 

and material properties. However, recent 

research shows that nonhuman primates un-

intentionally produce stone flakes that are in-

distinguishable from the tools of early human 

ancestors (14). These findings raise questions 

about the detection of intentional behavior in 

hominins but also highlight potential misin-

terpretations of human evolutionary history. 

Similarly, the material remains of anvils used 

by marine animals  for foraging indicate that 

interpreting coastal archaeological assem-

blages as evidence solely of human activity 

should be taken with caution (15). Hence, it 

is critical to confidently differentiate archae-

ological remains as nonhuman or human 

in origin. Substantial comparative research 

both within and across species should clarify 

those features that identify material culture 

as nonhuman. It should also advance un-

derstanding of the social and environmental 

factors that may promote tool use as a con-

vergent evolutionary adaptation.

Tools are part of present-day cultural land-

scapes and ecological niches of technological 

species. The presence of the tools along with 

specific sites where these tools are used help 

to encourage cultural transmission within 

and across generations by facilitating oppor-

tunities to socially learn the behavior (6, 12, 

13). Animals that use tools are therefore part 

of ecosystems where the physical removal of 

artifacts for research purposes could endan-

ger the very behavior we seek to understand. 

Although temporary removal of tools may 

be required for research purposes, complete 

removal and interference with physical ma-

terials should be limited, given the potential 

impact on the cultural behavior of these wild 

animals. Digital solutions are required, par-

ticularly when raw material sources may be 

limited in the wild. Visualization technolo-

gies, such as portable laser scanning, photo-

grammetry, and three-dimensional modeling 

software, have revolutionized the ability to 

create digitized collections of artifacts. For 

example, it is now possible to record, analyze, 

and preserve tools digitally with high resolu-

tion (14). Digital collections of animal mate-

rial cultures further facilitate accessibility, 

scientific transparency, and future opportu-

nities for collaborative comparative research 

across space, time, and species.

Presently, there is no concentrated effort 

to explicitly preserve or protect animal ma-

terial culture beyond its fortuitous inclusion 

within a protected area or national park. To 

secure the intergenerational transmission of 

cultural behaviors, tool-using animals must 

continue to have access to the materials 

needed to carry out these behaviors. Protect-

ing the living cultural landscapes of animal 

stone-tool-use sites involves preserving the 

environments where these behaviors occur 

and recognizing the intrinsic value of ani-

mal cultures (1, 2, 4). This not only expands 

our knowledge base of animal behavior and 

evolution but also contributes to the broader 

goal of preserving biodiversity and promot-

ing more inclusive conservation strategies. 

For example, the United Nations Convention 

on the Conservation of Migratory Species ap-

proved Concerted Actions to specifically pro-

tect chimpanzee and sperm whale cultures 

(4). This reflects the growing importance of 

incorporating cultural and social knowledge 

of wildlife into conservation efforts (1, 2, 5). 

With the continued rates of human distur-

bance to the natural world, there is no cer-

tainty that animals and their cultural legacies 

will persist. It is paramount to acknowledge 

that cultural heritage is not limited to hu-

mans but extends to the material culture of 

other animals too. Humans are responsible 

for protecting and preserving animal cultures 

not only for research and education but also 

for their contributions to a richer and more 

holistic understanding of humans’ shared 

evolutionary heritage with nonhumans. j
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Archaea go multicellular under pressure
A microbe from the Dead Sea switches to a tissue-like form when compressed

By Eva K. Pillai1,2,3 and Thibaut Brunet3

D
uring the 3.5-billion-year history of 

life on Earth, some events, like the 

origin of life, of the eukaryotic cell, 

and of animals, occurred only once; 

however, the transition to multicellu-

larity happened numerous times inde-

pendently in slightly different ways. A recent 

census counted 45 independent such events 

in eukaryotes (1)—three of which gave rise 

to the respective ancestors of animals, land 

plants, and fungi (2). By contrast, multicellu-

larity seems to be rare in Archaea—a group 

of prokaryotic microbes from which eukary-

otes originated (3). On page 109 of this issue, 

Rados et al. (4) describe multicellular devel-

opment in an archaeon, Haloferax volcanii, 

with an unexpected twist: Multicellularity is 

induced by mechanical pressure.

H. volcanii is a member of Haloarchaea, 

a group of archaea that are hypersaline ex-

tremophiles. This species was isolated from 

the Dead Sea and has been extensively stud-

ied for its highly variable cell shape, which 

ranges from triangles to rods and disks (5), 

and for its deformability in response to ex-

ternal forces: H. volcanii is not encased in 

a rigid cell wall but, like almost all archaea, 

has a flexible protein coat called an S-layer 

(3). Usually, H. volcanii undergoes normal 

binary cell division to produce two separate 

daughter cells. Rados et al. confined single-

cell H. volcanii under an agar pad and found 

that they stopped dividing but continued to 

grow and replicate their DNA. This resulted 

in large, dome-shaped structures with ge-

netic material housed within multiple nucle-

oids. After 12 hours, these cells underwent 

fragmentation into multiple smaller cells 

(cellularization) by growth and fusion of 

membranes from the periphery to the center. 

This resulted in a cellular polygonal network 

that the authors described as “tissue-like.” 

Notably, cells within tissue-like structures 

had two phenotypes: tall and narrow in the 

center of the dome, and flatter and broader 

at the periphery (see the figure). 

Through genetic and biophysical ma-

nipulations, Rados et al. showed that this 

multicellular development involved repur-

posing of the H. volcanii cytoskeleton. Nota-

bly, the archaeal homolog of the eukaryotic 

cytoskeletal protein actin formed vertical 

“pillars” that were required for the tissue-

like structures to gain their full height and 

resist compression. By contrast, the cell di-

vision protein FtsZ (a prokaryotic homolog 

of the cytoskeletal protein tubulin), although 

necessary for membrane constriction in or-

dinary cell division, was not needed for cel-

lularization (6). Instead, cellularization was 

triggered when membrane tension (mea-

sured using membrane fluidity as a proxy) 

crossed a critical threshold.

The process observed by Rados et al. re-

sembles cellularization of coenocytes in the 

multicellular development of some eukary-

otes. Coenocytes are multinucleated struc-

tures enclosed by a single membrane that 

form by nuclear proliferation without cell 

division. They occur in fly embryos, in fungi, 

and in some unicellular relatives of animals 

(7). By contrast, no such structure seems to 

have been previously reported in bacteria 

or Archaea, with the most comparable phe-

nomenon perhaps being the septation of 

coenocytic filaments named hyphae in the 

bacterium Streptomyces (8). Is tissue-like de-

velopment in H. volcanii a passive effect of 

confinement, or does it involve a dedicated 

mechanotransduction pathway? Several ob-

servations made by Rados et al. suggest the 

latter. Notably, expression of volactin is up-

regulated under compression and contrib-

utes to active cellular remodeling and the 

mechanical resistance of these structures. 

What could be the function of this dra-

matic response to confinement? Rados et 

al. show that haloarchaeal species that can-

not undergo tissue-like development show 

reduced viability under confinement and 

little ability to escape into nonconfined 

spaces. This suggests that ordinary cell divi-

sion mechanisms are inoperant or inefficient 

under confinement—perhaps owing to geo-

metrical constraints—and that coenocyte-

like growth followed by cellularization might 

be activated as an alternative proliferation 

mechanism. Whether “tissue”-forming and 

non–“tissue”-forming archaea inhabit differ-

ent natural environments or have different 

1Cell Biology and Biophysics Unit, European Molecular Biology 
Laboratory, Heidelberg, Germany. 2Developmental Biology Unit, 
European Molecular Biology Laboratory, Heidelberg, Germany. 
3Evolutionary Cell Biology and Evolution of Morphogenesis Unit, 
Institut Pasteur, Université Paris-Cité, CNRS UMR3691, Paris, 
France. Email: thibaut.brunet@pasteur.fr 
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Adapting to confinement 
Uncompressed Haloferax volcanii undergoes repeated rounds of binary cell division, which require the cell 

division protein FTsZ and result in individual daughter cells. When compressed, H. volcanii ceases cell division 

but continues to grow and replicate its DNA, producing a coenocyte-like cell. Membranes then grow inward 

from the edge of the cell to create compartments, resulting in a tissue-like polygonal network of smaller cells: 

tall, thin scutoid cells in the center and flatter, broader peripheral cells. The cytoskeletal protein volactin forms 

pillars that support these tissue-like structures, but FtsZ is not required.
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genetic toolkits remains unclear. Notably, H. 

volcanii cells naturally contain many copies 

of their genome (9) within a diffuse nucle-

oid (5). In addition, the plane of normal 

cell division seems to be determined by a 

self-organized reaction-diffusion mecha-

nism (5). Such features might facilitate 

radical evolutionary remodeling of cell di-

vision under geometric constraints. 

If the suppression of cell division and 

the subsequent cellularization is an active 

and adaptive response to confinement, 

the same may not be true of maintenance 

of the final tissue-like morphology. Al-

though it could involve specific cell-cell 

or cell-matrix adhesion (as in animals and 

plants), polygonal geometries can also pas-

sively arise through packing constraints, 

as seen in the amoeba Naegleria (10). This 

interpretation aligns with hypotheses that 

suggest that generic physical effects had 

an important role at the evolutionary be-

ginnings of multicellular morphogenesis 

(11). Recent research supports this view, 

showing that multicellular geometry in 

“simple” forms, such as the microscopic 

alga Volvox, might emerge spontaneously 

from randomness in cell packing (12). 

These observations reinforce the concept 

that the evolution of multicellularity lies 

on a continuum, where the formation of 

multicellular groups resulting from simple 

biophysical changes preceded the emer-

gence of heritable collective adaptations 

during the evolution of integrated multi-

cellular organisms (13).

The discovery of tissue-like development 

in H. volcanii also raises questions. For ex-

ample, where might H. volcanii naturally 

encounter conditions that induce mul-

ticellularity? Furthermore, whether the 

two final cell phenotypes express different 

genes remains unclear. With this study, 

Rados et al. have shown that even well-

studied organisms can be surprising and 

that humble archaea can display unex-

pected resourcefulness under pressure. j
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CHEMISTRY

Catalysis at the crossroads
Homogeneous and heterogeneous catalysis work 
concurrently in a chemical process

By Cathy L. Tway1 and Sorin V. Filip2

 A
pproximately 90% of industrial 

chemical products use catalysts dur-

ing manufacturing to speed up a 

reaction, minimize energy consump-

tion, and reduce waste products (1). 

They are classified into two main 

types. Homogeneous catalysts that are in 

the same phase as the reactants decrease 

the activation energy by direct binding. 

By contrast, heterogeneous catalysts are 

in a different phase than the reactants 

and work by surface reactions (2). Both 

mechanisms have long been considered 

distinct from each other. Consequently, ca-

talysis discovery efforts do not attempt to 

encompass both homogeneous and hetero-

geneous catalysts concurrently. On page 

49 of this issue, Harraz et al. (3) report 

an interconversion between homogeneous 

and heterogeneous catalysts within the 

same catalytic cycle of vinyl acetate syn-

thesis. This finding could usher in new ap-

proaches for designing catalytic processes 

that combine the high efficiency of homo-

geneous catalysts with the facile operation 

of heterogeneous catalysts for broad indus-

trial applications.

Vinyl acetate is an industrial interme-

diate that is widely used in applications 

such as coatings and adhesives (4). For 

more than five decades, this organic com-

pound has been primarily produced from 

ethylene, acetic acid, and oxygen (reac-

tants) using a heterogeneously catalyzed 

vapor-phase process (5). In one proposed 

mechanism for vinyl acetate production, 

the reactants are coadsorbed and acti-

vated on a supported palladium hetero-

geneous catalyst, subsequently forming a 

palladium-ethylene-acetate intermediate. 

The resulting vinyl acetate is released, 

and the catalyst surface is oxidized again 

for further reactions. Another frequently 

proposed mechanism suggests that under 

reaction conditions, a liquid film that is 

developed on the catalyst surface causes 

oxidized palladium to dissolve then func-

tion as a homogeneous catalyst. Thus, 

the reaction proceeds through a homo-

geneous-catalyzed pathway rather than 

a heterogeneous one (6). Similar dissolu-

1bp  America, Chicago, IL, USA. 2BP p.l.c., Pangbourne, UK. 
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Infinite loop of homogeneous-heterogeneous catalysis
Solid palladium (Pd0) is activated by oxygen gas to produce Pd2+ through a heterogeneous catalysis 

scheme. The Pd2+ then goes into solution in the liquid acetic acid film and catalyzes the reaction 

between acetic acid and ethylene by a homogeneous mechanism to produce vinyl acetate. The 

deactivated Pd0 intermediate regenerates into active sites of solid Pd for subsequent catalysis reactions.
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tion of palladium from a metal-supported 

catalyst into the surrounding solution re-

sulting in homogeneous catalysis has also 

been observed in chemical reactions other 

than vinyl acetate (7) and with metal cata-

lysts other than palladium (8). Given the 

fast nature of catalytic reactions, it is dif-

ficult to identify the catalyst phase in play 

during the reaction, even with a battery of 

characterization techniques (8). 

Harraz et al. performed a rigorous elec-

trochemical analysis to unravel a dynamic 

interconversion between 

heterogeneous and homo-

geneous palladium catalyst 

phases in the vinyl acetate 

reaction. Metallic palla-

dium nanoparticles (het-

erogeneous) were corroded 

in a liquid acetic acid film 

to form oxidized palladium 

species (homogeneous) that 

catalyzed the reaction of 

ethylene and acetic acid to 

form vinyl acetate. After the 

catalysis, molecular palla-

dium was regenerated into metallic palla-

dium active sites for subsequent reactions. 

This bifunctional nature of palladium cata-

lysts with both homogeneous and hetero-

geneous phases promoted a collaboration 

between the two catalysis schemes within 

the same reaction cycle (see the figure). A 

similar bifunctional system was described 

between two separate heterogeneous cata-

lysts (9). A physical mixture of separate 

palladium and gold heterogeneous cata-

lysts cooperatively enhanced the removal 

of hydrogen atoms from an alcohol and the 

subsequent oxidation of the aldehyde in-

termediate. However, both palladium and 

gold heterogeneously catalyzed the reac-

tion, and the potential for a heterogeneous-

homogeneous cooperative effect was not 

proposed (9). The findings of Harraz et al. 

are distinctive because they demonstrate 

how homogeneous and heterogeneous cat-

alysts can work simultaneously within the 

same reaction system.

An interesting observation of Harraz et 

al. is the balance between interconversion 

rates of the homogeneous and heteroge-

neous catalysis mechanisms. This prevents 

the regenerated palladium from agglomer-

ating, which could deactivate the catalyst. 

However, the performance of liquid-phase 

catalysts depends on various factors such 

as catalyst composition, substrate mate-

rial, and reaction conditions (10). In ad-

dition, the liquid film must be uniformly 

spread on the support to allow efficient 

mass transfer between reactants and prod-

ucts (11). Thus, detailed characterization 

of the relationship between the acetic acid 

film and catalytic activities for vinyl ace-

tate synthesis is needed. For example, ad-

vanced methods such as high-temperature 

and high-pressure magic angle spinning 

nuclear magnetic resonance (12) could de-

tail the evolution of the liquid film under 

industrially relevant reaction conditions.  

Industries are seeking catalytic solutions 

to improve sustainability and energy effi-

ciency. For example, chemical sectors are 

moving from batch production to continu-

ous flow processes in which products are 

simultaneously generated 

and removed from an ongo-

ing chemical reaction. This 

can reduce operation costs 

by more than 40% and speed 

up manufacturing (13). How-

ever, dissolution and loss of 

metal from heterogeneous 

catalysts leading to catalytic 

deactivation and product 

contamination challenge 

the adoption of continuous 

processes (14). Integrating 

techniques to balance the 

homogeneous-heterogeneous interconver-

sion processes could help overcome these 

issues. Moreover, computational simula-

tions could help identify other catalytic 

reactions that benefit from a bifunctional 

scheme (15). Cross-disciplinary collabora-

tion between catalysis communities has 

often driven the development of sustain-

able technologies. As demonstrated by 

Harraz et al., revisiting mature technolo-

gies with new approaches could yield valu-

able insights.        j

REFERENCES AND NOTES

 1. M. W. Yoneyama, Catalysts: Petroleum and Chemical 

Process (SRI Consulting, 2010).
 2. J. Hagen, Industrial Catalysis: A Practical Approach 

(Wiley, 2015).
 3. D. M. Harraz, K. M. Lodaya, B. Y. Tang, Y. Surendranath, 

Science 388, eads7913 (2025).
 4. H. A. Wittcoff, B. G. Reuben, J. S. Plotkin, Industrial 

Organic Chemicals (Wiley, ed. 2, 2004).
 5. L. Hornig, H. Fernholz, H.-J. Schmidt, F. Wunder, T. 

Quadflieg, “Process for preparing vinyl acetate,” US 
Patent 3658888 (1972).

 6. C. R. Reilly, J. J. Lerou, Catal. Today 41, 433 (1998).
 7. M. Pagliaro, V. Pandarus, R. Ciriminna, F. Béland, P. 

Demma Carà, ChemCatChem 4, 432 (2012).
 8. J. A. Widegren, R. G. Finke, J. Mol. Catal. Chem. 198, 317 

(2003).
 9. X. Huang et al., Nature 603, 271 (2022). 
 10. W. D. Provine, P. L. Mills, J. J. Lerou, in 11th International 

Congress on Catalysis – 40th Anniversary, J. W. 
Hightower et al., Eds. (Elsevier, 1996), pp. 191–200.

 11. M. Haumann, P. Wasserscheid, in Applied Homogeneous 

Catalysis with Organometallic Compounds, B. Cornils et 

al., Eds. (Wiley, 2018), chap. 14.
 12. A. Chamas et al., Magn. Reson. Imaging 56, 37 (2019). 
 13. R. L. Hartman, Curr. Opin. Chem. Eng. 29, 42 (2020).
 14. R. Ciriminna, M. Pagliaro, R. Luque, Green Energy 

Environ. 6, 161 (2021).
 15. J. Jover, M. García-Ratés, N. López, ACS Catal. 6, 4135 

(2016).
10.1126/science.adw5529

BIOMEDICINE

Beyond 
wear and tear 
at the joint
Bile acid metabolism meets 
glucagon-like peptide 1 
signaling in osteoarthritis

By Chuan-ju Liu

O
steoarthritis is the most prevalent 

joint disorder worldwide and a lead-

ing cause of chronic pain and dis-

ability in older adults. Traditionally, 

it has been regarded as a degenera-

tive disease driven by mechanical 

wear and tear (1, 2). However, emerging 

evidence highlights the role of metabolic 

pathways in the pathogenesis of osteoar-

thritis (3, 4). For instance, obesity predis-

poses individuals to osteoarthritis even 

in non–weight-bearing joints, indicating 

that chronic metabolic inflammation and 

altered lipid metabolism—rather than me-

chanical overload alone—can drive carti-

lage breakdown. However,  mechanisms 

underlying the links between metabolism 

and disease progression remain poorly 

understood, limiting the ability to develop 

new therapeutic approaches. On page 48 of 

this issue, Yang et al. (5) report compelling 

evidence for a gut-joint axis involving bile 

acid metabolism and glucagon-like peptide 

1 (GLP-1) signaling in osteoarthritis devel-

opment, advancing the understanding of 

osteoarthritis pathogenesis and opening 

new avenues for therapy.

Historically, osteoarthritis research has 

focused on cartilage degeneration result-

ing from mechanical stress (1, 2). However, 

systemic factors, such as lipid metabolism 

and gut-derived metabolites, are gaining 

increasing attention in this disease (6, 7). 

Yang et al. observed that disruptions in 

bile acid metabolism—specifically reduced 

amounts of glycoursodeoxycholic acid 

(GUDCA)—drive osteoarthritis progres-

sion. GUDCA supplementation ameliorated 

osteoarthritis progression in mice pri-

marily by inhibiting intestinal farnesoid 

X receptor (FXR). FXR  regulates the bal-

ance of bile acid synthesis, conjugation, 

and transport as well as lipid and glucose 
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between catalysis 

communities 
has often driven the 

development 
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technologies.”



G
R

A
P

H
IC

: 
K

. 
H

O
L

O
S

K
I/

S
C

IE
N

C
E

SCIENCE   science.org 4 APRIL 2025 • VOL 388 ISSUE 6742    31

metabolism.  FXR blockade or 

deletion in intestinal stem cells 

enhanced stem cell proliferation 

and led to an increased number 

of intestinal enteroendocrine 

cells that produce GLP-1 (called L 

cells) and increased serum GLP-1 

concentration. GLP-1 is secreted 

by L cells, enters the circula-

tion, and reaches the joints. It 

likely protects against osteoar-

thritis by regulating cells bear-

ing the GLP-1 receptor, including 

cartilage-producing chondro-

cytes, synovial fibroblasts, and 

infiltrating immune cells such 

as macrophages (see the figure). 

Given the substantial differences 

in the number of these cell types 

in the joints, their contributions 

to osteoarthritis warrant further 

investigation in mouse models 

that are genetically engineered 

to lack the GLP-1 receptor in 

these cells.

The study of Yang et al. also 

highlights the role of the bac-

terium Clostridium bolteae, a 

constituent of the gut microbi-

ome, in FXR signaling and GLP-1 

modulation. Using fecal micro-

biota and metabolomic profiling, 

the authors demonstrate that in 

mice, C. bolteae disrupts bile acid 

balance, affects GLP-1 secretion, 

and alters osteoarthritis progres-

sion. These findings underscore 

the intricate connection between 

the gut microbiome and joint disease—the 

so-called gut-joint axis. Moreover, Yang 

et al. provide strong preclinical evidence 

that supplementation with ursodeoxycho-

lic acid (UDCA), a precursor of GUDCA 

and a clinically approved drug for liver 

disorders, has protective effects on joints 

by restoring bile acid composition and 

increasing GLP-1 amounts, thus reducing 

joint inflammation and cartilage degrada-

tion. Given that UDCA is already in clinical 

use, these findings offer an exciting path 

for clinical translation (8). Notably, Yang et 

al. show that supplementation with UDCA 

was associated with a reduced risk of os-

teoarthritis-related joint replacement in a 

cohort of 5972 individuals.

GLP-1 receptor agonists, such as sema-

glutide and liraglutide, are widely used for 

treating diabetes and obesity (9, 10). Recent 

studies have suggested a potential role in 

treating osteoarthritis, with some evidence 

that semaglutide alleviates osteoarthritis-

related pain (11, 12). However, the effects 

on cartilage integrity and joint structure 

are unclear. Given the strong preclinical 

and clinical evidence linking GLP-1 signal-

ing to osteoarthritis protection, large-scale 

randomized controlled trials should be 

conducted to evaluate whether GLP-1 re-

ceptor agonists can not only reduce symp-

toms but also slow disease progression.

Although UDCA has shown promise 

in mitigating osteoarthritis progression 

in preclinical and observational human 

studies, determining its long-term safety 

and efficacy in osteoarthritis patients is 

imperative. Key questions include what 

the optimal dosing and duration of UDCA 

treatment for osteoarthritis should be, 

whether UDCA has any unintended meta-

bolic effects on joint tissues, and whether 

certain patient subgroups are more likely 

to benefit owing to the composition of their 

gut microbiome. Future studies should in-

corporate longitudinal clinical trials and 

metabolomic profiling to assess interindi-

vidual variability in UDCA response and to 

refine patient selection criteria.

The concept of a gut-joint axis raises 

intriguing possibilities beyond osteoarthri-

tis. Could a similar gut-mediated GUDCA–

GLP-1 axis contribute to other 

joint disorders, such as rheuma-

toid arthritis or spondyloarthritis 

(13, 14)? The interplay among gut 

microbiota, bile acids, glucose 

homeostasis, and systemic im-

mune responses is an emerging 

field that may uncover common 

therapeutic targets across mul-

tiple musculoskeletal diseases. 

If intestinal FXR inhibition and 

GLP-1 modulation regulate joint 

inflammation in general, then 

targeting these pathways may 

offer new therapeutic opportuni-

ties for rheumatoid arthritis and 

other systemic inflammatory dis-

eases and conditions.

The findings of Yang et al. also 

raise the possibility that C. bol-

teae and other gut microbiome 

constituents that stimulate the 

gut-joint axis might be suitable 

for development into live bio-

therapeutic products for joint 

diseases, such as osteoarthritis. 

However, the gut microbiome 

is very complex, and numerous 

microbial-derived metabolites 

likely affect joint health and in-

flammation. Future research us-

ing comprehensive multi-omics 

approaches is warranted, includ-

ing metagenomics to identify 

other microbial species involved 

in osteoarthritis pathogenesis; 

metabolomics to analyze bile 

acid and GLP-1–related meta-

bolic pathways; and transcriptomics to as-

sess the impact of gut-derived signals on 

joint cells, particularly chondrocytes and 

synovial cells. j
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The gut-joint axis influences osteoarthritis
In the mouse gut, Clostridium bolteae influences bile acid metabolism, with 

ursodeoxycholic acid (UDCA) and glycoursodeoxycholic acid (GUDCA) 

inhibiting farnesoid X receptor (FXR) in intestinal stem cells. This promotes 

their proliferation and differentiation into L cells, which secrete glucagon-like 

peptide 1 (GLP-1). GLP-1 reaches the joints through blood vessels, where it 

ameliorates osteoarthritis by interacting with GLP-1 receptor (GLP-1R)– 

bearing cells, including chondrocytes and potentially synovial 

fibroblasts and infiltrating immune cells.  
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INFECTIOUS DISEASE

Rubella and measles: 
The beginning of the endgame
Benchmarks must be established and progress tracked to 
set a global target and take action

By Matthew J. Ferrari1 and William J. Moss2

A 
September 2024 recommendation 

from the World Health Organization 

(WHO) for universal introduction of 

rubella-containing vaccines (RCVs) 

into childhood vaccination programs 

in all countries paves the way to dra-

matically reduce, and ultimately eradicate, 

congenital rubella syndrome (CRS), which af-

fects tens of thousands of families each year 

(1). It removes a critical barrier to the intro-

duction of rubella vaccination in most of the 

remaining 19 countries yet to do so. Because 

rubella vaccine is delivered in combination 

with measles vaccine and introduction will 

involve large campaigns to vaccinate all chil-

dren under 15 years of age, this recommenda-

tion provides an opportunity to move much 

closer to the ultimate goal: a world without 

measles or rubella. With planning for this 

goal currently paused, the programmatic, 

operational, and research communities must 

come together to establish empirical bench-

marks that countries have progressed far 

enough for a global target to be set and the 

“endgame” to begin. 

Although usually a mild infection in both 

children and adults, rubella virus can cause 

CRS in infants if contracted by the mother 

during the first trimester of pregnancy. CRS 

can result in hearing impairment, cataracts 

or glaucoma, heart defects, and develop-

mental delays. One-third of infants born 

with CRS will die before their first birthday 

(2). Vaccination provides direct protection 

to mothers and their babies, but reducing 

circulating rubella virus means that the 

unvaccinated are more likely to be exposed 

to rubella virus later in life, including dur-

ing pregnancy. In rare specific settings, this 

can lead to a paradoxical effect in which CRS 

rates in partially vaccinated populations are 

higher than in unvaccinated populations (3). 

This effect manifests 10 or more years after 

vaccine introduction precisely because the 

vaccine decreases the rate of rubella virus 

infections among unvaccinated individuals 

(2, 3). Concern over this phenomenon led 

the WHO, in 2000, to recommend against in-

troducing rubella vaccination into national 

programs that could not achieve 80% vac-

cine coverage (2).

New epidemiological, modeling, and op-

erational evidence presented to the WHO 

Strategic Advisory Group of Experts on 

Immunization (SAGE) made the case that 

the prior 80% threshold was overly conser-

vative and that universal introduction of 

RCV could avert tens of thousands of cases 

of CRS annually at current coverage levels 

(1). Their September 2024 recommenda-

tion—which is the first of many political, 

financial, and operational steps necessary 

to introduce rubella vaccine in the remain-

ing countries—represents a triumph of evi-

dence-based policy-making.

Rubella vaccination is delivered in a 

combined dose together with measles vac-

cine [in many countries, this is a measles-

mumps-rubella (MMR) vaccine, but in 

lower-income countries, this is a measles-

rubella (MR) vaccine only]. The current 

WHO guidance for introduction of rubella 

vaccination (switching from measles-only 

to MR vaccine) recommends an initial vac-

cination campaign that includes all children 

between 9 months and 15 years of age (2). 

These wide-age-range campaigns with MR 

vaccine present an unprecedented opportu-

nity to dramatically reduce the prevalence 

of two viruses, rubella and measles. Coor-

dinated action to accelerate introduction of 

RCV through wide-age range campaigns in 

the remaining 19 countries, 6 with and 13 

without current plans to introduce in place 

(see the box), means that the highest level 

of global population immunity to both mea-

sles and rubella viruses in human history 

could be realized by 2030. 

If done well, the campaigns could trans-

form the epidemiology of measles in the Af-

rican continent [which accounted for 70% 

of the 107,482 deaths due to measles in 2023 

(4)] and move the region an order of mag-

nitude closer to the levels of protection from 

measles seen in most of the rest of the world. 

This represents a huge step forward in ef-

forts to eliminate these diseases and could be 

the beginning of the end [the endgame (5)] 

for the second and third human pathogens 

to be eradicated after smallpox. 

The public health and economic value 

of measles eradication has been well estab-

lished, but there are powerful arguments 

against setting an eradication goal without 
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a well-planned, well-resourced, realistic, and 

sustainable endgame (6). Timing is critical, 

and the endgame should not start until clear 

benchmarks are met that indicate measles 

eradication is achievable in a reasonable 

timeframe. Such concerns should not blind 

us to the real possibility of rubella eradica-

tion; the lower transmission rate for rubella 

virus suggests that eradication is feasible 

and sustainable at lower vaccination cover-

age levels than for measles virus (7). Eradi-

cation, the permanent reduction to zero of 

the worldwide incidence of infection caused 

by a specific pathogen as a result of delib-

erate efforts (8), is the only public health 

outcome for which intervention measures, 

and the financial costs they incur, are no 

longer needed (for example, the cessation 

of smallpox vaccination). But eradication re-

quires enormous global coordination, effort, 

and expense, especially as the pathogen be-

comes rare, which may divert resources from 

other societal needs for marginal immediate 

health benefits. 

Currently, all six WHO regions have set 

independent elimination goals for measles 

(4), and all but the Eastern Mediterranean 

region have set elimination goals for rubella 

(9). There is a profound difference between 

regional elimination [defined as interruption 

of endemic transmission in a region for 12 

months (9)] and eradication. No region that 

has achieved elimination has yet maintained 

12 months with no reported cases of measles 

or rubella, highlighting the continued risk of 

reintroduction in a highly connected world. 

The arguments for and against setting a ru-

bella and measles eradication goal are worth 

debating; however, that debate is a double-

edged sword. Delaying the programmatic 

and operational planning necessary to capi-

talize on the distinct opportunity that will 

follow universal RCV introduction while 

we debate the merits incurs economic, ethi-

cal, and epidemiological costs to all regions 

as a result of continued virus transmission 

(5). Thus, we should identify and strive to 

achieve benchmarks in our progress toward 

endgame scenarios, when eradication will be 

realistic and achievable within a specified 

timeframe. This risks some wasted invest-

ment if debate ultimately results in a deci-

sion to not pursue eradication but preserves 

the option to do so. 

Many critical steps are necessary to 

make the best use of this generational op-

portunity. First and foremost, the remain-

ing 19 countries should introduce RCV 

with the support of the international com-

munity. This process has already begun in 

earnest but requires additional high-level 

diplomacy to maintain momentum, finan-

cial and technical assistance, and logistical 

support, recognizing the challenges posed 

by recent changes in funding priorities.

Although many countries have already 

introduced RCV, and done so using domes-

tic resources, there are other countries for 

which domestic capacity is insufficient; thus, 

they have depended on external funding, 

primarily from Gavi, the Vaccine Alliance; 

United Nations Children’s Fund (UNICEF); 

WHO; and the World Bank. Of the 19 coun-

tries that have not completed RCV introduc-

tion at the national level, five have applied 

and been approved for funding from Gavi, 

and one (South Africa) is self-funding intro-

duction. The remaining 13 countries have 

not met the 80% coverage criterion under 

the old SAGE guidance, and funders were 

not willing to approve proposals for fund-

ing for RCV introduction that were contra-

indicated by a SAGE recommendation. The 

updated SAGE recommendation removes 

one barrier for this latter group. But each 

country must be convinced of the benefit of 

RCV introduction in the near term relative 

to other national priorities. 

Because eradication is a global good, the 

international community—with leadership 

from the Measles & Rubella Partnership, 

WHO African and Eastern Mediterranean 

Regional Offices, as well as international 

nongovernmental organizations (NGOs) 

such as International Committee of the Red 

Cross—must collaborate to make this case 

and provide the appropriate incentives to 

ensure high-quality introductory campaigns. 

Importantly, three countries (South Africa, 

Gabon, and Equatorial Guinea) are not eli-

gible for funding from Gavi because their 

gross annual national income per capita ex-

ceeds US$2300. Gavi and its donors should 

develop a plan to support introduction in 

these three countries, perhaps using the 

same application process, so that their fail-

ure to introduce does not provide a refuge 

for rubella and measles viruses that could 

spark outbreaks elsewhere. 

Technical assistance is critical to assure 

efficient and effective introduction of RCV. 

This should be organized as a multilateral 

engagement to support county-led initia-

tives, transferring expertise among the 19 

countries, with those further along in the 

process serving as mentors for their peers, 

aligning with the Lusaka Agenda’s call for 

shifts in the long-term evolution of global 

health initiatives (10). This could include 

guidance in developing applications for 

Gavi funding to support RCV introduction; 

developing microplans to guide vaccination 

campaigns and strengthen routine immuni-

zation; and organizing campaign logistics, 

with leadership comprising a team of re-

gional experts from countries that have re-

cently introduced RCV. 

The logistics and project management of 

such an effort should not be underestimated, 

and external support will be needed. Fund-

ing and administrative support from external 

partners such as US Centers for Disease Con-

trol and Prevention, the Gates Foundation, 

and WHO would allow national resources 

to be focused on technical assistance rather 

than meetings and travel logistics. Campaign 

logistics should specifically focus on antici-

pating the challenges of reaching the popu-

lations hardest to reach, which will benefit 

from the engagement of international orga-

nizations such as Medecins Sans Frontieres 

and civil society organizations within each 

country and drawing on lessons learned 

from other eradication programs (8).

Integrated activities to ensure that rou-

tine immunization systems are strength-

ened during the introduction of RCV will 

ensure a durable impact and prevent, or 

Plan Countries
Potential population impact 
(annual births 2023)

Current plan for rubella vaccine

introduction with Gavi funding 

Democratic Republic 

of the Congo, Guinea Bissau, 

Mali, Nigeria, and Sudan

14.4 million 

Current plan for rubella vaccine

introduction without Gavi funding 

South Africa 1.2 million

No current plan for rubella vaccine 

introduction and eligIble for Gavi funding 

Afghanistan, Central African 

Republic, Djibouti, Ethiopia, 

Guinea, Liberia, Madagascar, Niger, 

Somalia, South Sudan, and Tchad

10.7 million

No current plan for rubella vaccine 

introduction and ineligible for Gavi funding 

Equatorial Guinea 

and Gabon 

100,000

Status of rubella-containing vaccine (RCV) introduction
Of the 19 countries that have not completed national RCV introduction, 5 have been approved 

for funding from Gavi and one (South Africa) is self-funding introduction. The updated World Health 

Organization recommendation removes one barrier for the remaining 13 countries.
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slow, backsliding of population immunity 

after introduction. Such improvements will 

leave countries stronger after the campaign 

than before, leveraging RCV introduction 

to achieve broad improvements across all 

vaccines, including the strengthening of 

cold chain capacity to transport and store 

vaccines, microplanning to enumerate tar-

get populations and identify missed com-

munities, educating health professionals 

and the public, as well as strengthening 

disease surveillance systems and outbreak 

response. Such integration should be led 

by national immunization programs with 

support from WHO and other technical 

partners, building on existing global guid-

ance and experience on what works best 

in the local context. Most importantly, and 

in line with the concept of “measles as a 

tracer,” an effort to identify children who 

have received no vaccines and qualitative 

methods to identify structural reasons for 

nonvaccination can drive robust system-

atic improvements in coverage across all 

childhood vaccines (11). 

Even with a successful RCV introduction 

over the coming 5 years, there remains a 

parallel set of tasks specifically focused 

on planning for the eradication endgame. 

Even before an eradication goal is set, this 

process should be undertaken to best plan 

for the endgame scenarios, including the 

immunization and communication strate-

gies, vaccine supply requirements, and nec-

essary financial and personnel resources. 

Moss et al. have argued that benchmarks 

for setting a measles and rubella elimina-

tion goal be developed by using a “con-

sultative process with key stakeholders, 

including representatives from countries, 

regions, donors, industry, Civil Society 

Organizations, the M&RI partners, and 

the public, informed by rigorous analyses 

and modeling” [(12), p. 3557]. Success-

ful introduction of RCV sets the stage for 

such a determination but is not sufficient. 

Developing clear and measurable bench-

marks and developing a consensus among 

stakeholders of the criteria necessary for a 

global eradication goal will take time. This 

is precisely why this process should be-

gin now so that we may identify and take 

steps to achieve these benchmarks that 

will allow us to capitalize on the historic 

population immunity that will follow RCV 

introduction. 

Successful RCV introduction will ne-

cessitate a dramatic scale-up of exist-

ing MR vaccine supply, leveraging Gavi’s 

leadership in market development. New 

technologies, currently in the pipeline, 

could increase the feasibility of eradica-

tion efforts and should be prioritized by 

academic and philanthropic organizations, 

such as the Gates Foundation, to acceler-

ate their development. Microarray patches 

(MR-MAPs), a thermostable and needle-

free delivery mechanism for measles and 

rubella vaccines, are in phase 2 trials and 

could make future access to “last-mile” 

communities much easier. The high popu-

lation immunity generated through rubella 

vaccine introduction through conventional 

vaccines could dramatically reduce risk 

in accessible communities, allowing MR-

MAPs to be initially deployed in those 

communities where they are most needed. 

Expansion of measles and rubella rapid 

diagnostic tests (RDTs) could speed up 

outbreak detection and response to pre-

vent reestablishment of transmission in 

communities that have reached zero cases. 

How best to deploy these new technologies 

depends on the success of the introduction 

campaigns in the coming years and the 

future commitment from countries and 

NGOs for eradication versus elimination 

efforts. The academic research and model-

ing community—for example, through the 

recently established Gates Foundation–

funded Measles Analytics Hub—should be 

engaged to evaluate strategies for optimal 

deployment of MAPs and RDTs to guide ev-

idence-based rollout as these technologies 

come online. These products are already 

in trial phase, and the accelerated invest-

ment, streamlined regulatory approval 

processes, and development of markets 

and supply chains to ensure they are avail-

able at the scale necessary for eradication 

are critical. Even in the absence of a future 

eradication initiative, these investments 

will pay dividends for other vaccine initia-

tives and pandemic preparedness for chil-

dren, adolescents, and adults (13).  

Last, the role of the Pan American Health 

Organization (PAHO) as an exemplar, 

partner, and beneficiary of rubella and 

measles elimination planning cannot be 

overstated. PAHO’s success with regional 

elimination of both measles and rubella 

viruses serves as an inspiration for suc-

cess elsewhere (14). There is enthusiasm 

for measles and rubella elimination across 

the other global regions, and these regions 

will benefit from the experience of PAHO’s 

success (15). The risk of reestablishment 

of rubella and measles virus transmission 

in the Western Hemisphere as a result of 

waning support for vaccination, US with-

drawal from the WHO, and recent US 

threats to eliminate international health 

funding looms as a dark cloud on the hori-

zon that could undermine the potential for 

a monumental human achievement. Civil 

society organizations such as the American 

Red Cross and  Lions Clubs International, 

which played an outsized role in support 

for measles elimination in the United 

States, need to unite to ensure continued 

vigilance and support for rubella and mea-

sles elimination at the highest levels of na-

tional governments. 

RCV introduction through wide-age-range 

campaigns will result in a massive, hope-

fully coordinated increase in population 

immunity against both rubella and measles 

viruses in many countries at greatest risk 

of outbreaks. Imperfect routine vaccination 

systems mean that this population immunity 

will rapidly begin to erode upon the comple-

tion of the last campaign. Despite disagree-

ment among partners about the timing and 

feasibility of an eradication agenda for either 

rubella or measles, a short-term investment 

now would bring Africa an order of magni-

tude closer to achieving measles and rubella 

elimination, lead to a major global reduction 

in deaths and disability from measles and 

CRS, reduce the risk (and cost) of outbreaks 

and the reestablishment of transmission in 

eliminated countries, and at least leave the 

door open for capitalizing on the high popu-

lation immunity that will result from RCV 

introduction. If we wait to further garner 

support and develop plans for eradication 

until after scaling up vaccination against ru-

bella, we will be racing against the clock to 

make decisions and plans before it is too late 

and the opportunity has passed. We are in 

the rare position of knowing that the condi-

tions for eradication will improve, even be-

fore we have decided to take it. If we wait 

until 2030 to have this discussion about the 

endgame, we will lose ground and miss this 

distinct opportunity.        j
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must prioritize comprehensive biosafety 

evaluations, develop containment strate-

gies, and conduct long-term ecological 

studies. Collaboration across disciplines, 

including virology, ecology, and policy, 

will be key to building robust guidelines.

Sara Shakir 
Biology of Fruit and Pathology, Joint Research 
Unit (UMR) 1332, French National Research 
Institute for Agriculture and Environment (INRAE), 
Villenave d’Ornon, Nouvelle-Aquitaine, France. 
Email: sara.shakir@inrae.fr

Cognitive science
It is now possible to replace animal 

models with human-derived neurons in 

increasingly advanced microscale devices. 

However, attempts to mimic human 

Zhen Wang
International School of Low Carbon Studies, 
Shandong University of Finance and Economics, 
Jinan, Shandong, China. 
Email: janewang@sdufe.edu.cn

Plant virology
Cutting-edge innovations in plant virology 

could revolutionize agriculture, boost-

ing crop resilience, combating diseases, 

and enhancing productivity. Engineered 

plant viral vectors could serve as powerful 

tools for gene delivery and crop improve-

ment, but they could also recombine with 

natural viruses or behave unpredictably, 

risking ecological disruption and the 

emergence of new viral strains. Before 

field applications become a reality, we 

L E T T E R S

Battery technology

Half a century after Asilomar’s pioneers 

grappled with biotechnology’s Pandora’s 

box, we face our own reckoning. The 

lithium-ion revolution brought forth the 

dangerous myth that higher recycling per-

centages equal planetary salvation. But our 

attempts to solve one problem have created 

another: In places like Kolkata, children 

near shredding facilities suffer from 

exposure to toxic chemicals. This challenge 

demands Asilomar-level courage. We must 

redesign batteries to promote pollution-

free recyclability, and we must evaluate 

every recycling technology for environ-

mental harm, including greenhouse gases, 

water toxicity, and particulate emissions. 

NEXTGEN VOICES 

Science safeguards
In 1975, scientists and lawyers met in Asilomar, California, to 

discuss the risks of recombinant DNA research and possible 

safeguards. Fifty years later, in the 31 January issue of 

Science, an Editorial (S. Parthasarathy, p. 454), Policy Forum 

(J. B. Hurlbut, p. 468), and Books Essay (L. A. Campos, p. 

480) refl ected on the meeting’s long-term impacts on 

scientists’ self-regulation, equity, and sense of obligation 

to the public. We gave young scientists this prompt: If 

you gave a keynote speech at a meeting similar to the 

Asilomar conference today, what would you identify 

as the biggest risk posed by research in your fi eld, and 

what action would you suggest to address it? Read a 

selection of the responses here, and follow NextGen Voices 

on social media with hashtag #NextGenSci. —Jennifer Sills 
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cognition come with the risk of misunder-

standings. We need a clear roadmap with 

criteria that define levels of cognition, 

intelligence, and consciousness, as well 

as guidelines to apply these thresholds to 

human-derived samples.

Bram Servais
Department of Biomedical Engineering, The 
University of Melbourne, Melbourne, VIC, Australia. 
Email: bservais@student.unimelb.edu.au

Biomedical engineering
Brain-computer interfaces have the 

potential to restore movement to paralyzed 

limbs and vision to unseeing eyes. But his-

tory warns us that technology rarely stays 

confined to its original purpose. Without 

strict oversight, corporations could exploit 

brain-computer interfaces to influence 

emotions and decisions, shaping consumer 

choices and even political beliefs. To pre-

vent misuse, we need clear ethical policies 

enforced by independent oversight bodies. 

Success isn’t just about innovation, it’s 

about protecting human autonomy before 

profit-driven interests take over.

Safaa Osman Abuzaid Osman
Department of Biomedical Engineering and Health 
Sciences, University of Technology Malaysia, Johor 
Bahru, Malaysia. Email: safaa.o.abuzaid@gmail.com

Clinical medicine
A critical challenge as the field of medicine 

incorporates artificial intelligence (AI) is the 

growing risk to patient data privacy. Data 

breaches could hurt patient trust, com-

promise sensitive health information, and 

hinder the adoption of life-saving AI innova-

tions. To tackle this challenge, we must 

prioritize data security by implementing 

encryption, enforcing strict access controls, 

conducting regular staff training, and col-

laborating with IT experts. 

Yutong Hu
Division of Life Sciences and Medicine, University 
of Science and Technology of China, Hefei, Anhui, 
China. Email: hyt241188@mail.ustc.edu.cn

Nuclear physics
The misuse of nuclear and quantum 

research for military applications could 

have devastating consequences for global 

security. Strengthening international regu-

lations and ethical guidelines will ensure 

that our discoveries serve humanity rather 

than threaten it. Scientists, policy-makers, 

and institutions must collaborate to 

uphold these standards. Only through col-

lective responsibility can we safeguard the 

future of scientific progress and facilitate 

global peace.

Yumna Gamal Awad
Department of Physics, University of Mansoura, 
Mansoura, Dakahlia, Egypt. 
Email: yumnagamal@std.mans.edu.eg

Biotechnology

Biotechnology has revolutionized medi-

cine, agriculture, and industry, but ethical 

dilemmas persist. One emerging concern 

is the widening gap between those who 

can afford gene therapies and those who 

cannot. As gene-editing technologies such 

as CRISPR advance, wealthy individuals 

may gain access to enhancements that 

improve intelligence, immunity, or lon-

gevity, creating a genetic elite. Another 

dilemma involves synthetic life forms. If 

synthetic microbes escape into the wild, 

they could disrupt ecosystems or evolve 

unpredictably. Who takes responsibility if 

something goes wrong? Lastly, bioweap-

ons disguised as research pose a moral 

risk. Gene editing can cure diseases, but 

it could also be used to engineer deadly 

pathogens. Regulating research without 

stifling innovation is a delicate balance. 

Biotechnology holds immense promise, 

but without ethical oversight, it risks 

deepening social divides and creating 

unforeseen threats.

Malk Elshrief 
Department of Biotechnology, University of Tanta, 
Tanta, Egypt. Email: malkelshrief732@gmail.com

Nanotechnology
Imagine a world where cancer treatments 

target diseased cells precisely, agriculture 

thrives without pesticides, and self-repairing 

materials extend infrastructure’s life span. 

This is nanotechnology’s promise, but it 

comes with risk. Engineered nanoparticles, 

smaller than a virus, can breach biological 

barriers, accumulate in ecosystems, and trig-

ger unforeseen toxicity. Scientists, ethicists, 

and policy-makers must collaborate to estab-

lish global, standardized safety regulations 

before the commercialization of nanotech-

nology, not after a disaster occurs. We need 

rigorous risk assessments, environmental 

monitoring, and ethical oversight. Success 

is not just patents, but public trust, environ-

mental security, and responsible innovation. 

Karen Jacqueline Cloete
College of Graduate Studies, University of South 
Africa, Pretoria, Gauteng, South Africa. 
Email: kaboutercloete@gmail.com

Sociology
One of the greatest risks in social research 

is the unequal application of ethical stan-

dards. Marginalized, resource-dependent 

societies often become the subjects of 

research without the safeguards put in 

place in high-income regions. This selective 

oversight leads to exploitation and deepens 

inequalities and injustice. To address this, 

we must enforce ethical regulations equally 

across all research settings. Establishing 

independent oversight committees will 

ensure compliance, thus preventing bias 

and favoritism. In addition, artificial intel-

ligence that has been trained in ethical 

principles can analyze research proposals, 

ensuring that guidelines are applied fairly 

to all communities. The implementation 

of universal ethical review standards and 

increased accountability will improve trust 

between researchers and communities. 

Alaa Mostafa
Alexandria, Alexandria Governorate, Egypt. 
Email: alaamos2017@yahoo.com

Neurobiology
Autism research has advanced rapidly, 

uncovering genetic and neurobiological 

factors that shape neurodevelopment, 

but the misuse of genetic and biomarker 

research could fuel stigmatization, discrim-

ination, and even selective reproduction 

practices. If we don’t proceed carefully, 

autism could be seen as a condition to 

be eliminated rather than understood, 

and individuals on the spectrum could 

be denied opportunities based on genetic 

predictions rather than on their actual 

abilities. We must establish strong ethical 

guidelines and policy safeguards ensuring 

that autism research is used to support and 

empower neurodivergent individuals, not 

marginalize them. Scientists must work 

alongside ethicists, advocates, and policy-

makers to ensure that research findings 

lead to better services, inclusive policies, 

and respect for neurodiversity.

Julio Santos
Laboratory of Experimental Neurology, University 
of Southern Santa Catarina, Criciuma, Santa 
Catarina, Brazil. Email: drjuliosantosc@gmail.com

Power computing
As we dive into the exciting world of power 

computing synergy, one of the biggest risks 

we face is the integration of computational 

models with real-time power systems. These 

complex systems, although promising, cre-

ate vulnerabilities that could undermine the 

stability and security of our power grids. 

If these models fail to work as intended or 

are compromised by external threats, then 

the entire infrastructure could be at risk, 

leading to power outages, inefficiencies, and 

financial losses. To mitigate this risk, we 

must prioritize the development of robust 
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adaptability of farmed species, ensuring that 

they are better equipped to face the uncer-

tainties of the future. 

Fengbo Li
National Genetic Breeding Center for Giant 
Freshwater Prawn, Zhejiang Institute of Freshwater 
Fisheries, Huzhou, Zhejiang, China. 
Email: fengboli@hotmail.com

Geophysics
Geophysical exploration is a vital tool for 

understanding the Earth, but activities such 

as drilling and seismic surveys can destroy 

habitats and pollute water and air. These 

effects can lead to environmental imbal-

ances and biodiversity loss. Scientists should 

focus on conducting comprehensive environ-

mental assessments before any geophysical 

activity. By adopting noninvasive techniques 

such as remote sensing and using less harm-

ful equipment, we can substantially reduce 

the environmental impact of our work.

Ibrahem Hamed Ibrahem Hilal  
Dirb Najm, Al Sharqiah Governorate, Egypt. 
Email: ihamed091@gmail.com

Energy-efficient AI
Our quest for ever more advanced artificial 

intelligence (AI) models risks destroying the 

very society that these systems are intended 

to enhance. Training large language 

models demands enormous amounts of 

energy, almost 10 times the lifetime carbon 

emissions of an average car. Important 

ecosystems are directly threatened by 

this unsustainable consumption. Before 

launching large-scale AI initiatives, the AI 

community must come together to develop 

standardized risk assessment frameworks 

that incorporate comprehensive energy 

audits, life-cycle analyses, and incentives for 

creating energy-efficient algorithms. 

Ahmed Ezzat Elsayed
Helsinki, Uusima, Finland. 
Email: ahmed.ezzat@mentorna.com

Solar energy
Solar energy stands at the forefront of the 

global transition to sustainable power, 

but we cannot ignore the risks associated 

with solar panel waste. As photovoltaic 

installations grow exponentially, so does 

the volume of end-of-life panels. Without 

proper disposal, toxic materials such as 

lead and cadmium can leach into the 

environment, threatening soil, water, and 

entire ecosystems. If we fail to act, this 

waste could undermine the very sustain-

ability that we strive to achieve. However, 

there is a solution: a worldwide commit-

ment to solar panel recycling. By enforcing 

cybersecurity protocols alongside real-time 

monitoring systems. By integrating these 

safeguards, we can ensure that our models 

and grids work seamlessly without exposing 

them to unnecessary threats. 

Yuanxing Xia
College of Electrical and Power Engineering, Hohai 
University, Nanjing, Jiangsu Province, China. Email: 
eexyx@hhu.edu.cn

Biomedicine
Science thrives on data, but when only a 

fraction of the world’s population is rep-

resented by those data, we fail those who 

need our innovations most. In biosensing, 

sensors are often developed, calibrated, 

and tested using a narrow demographic 

sample. As a result, these devices may 

misdiagnose members of marginalized 

communities. For example, a glucose 

sensor fails for patients with darker skin 

tones, a lactate monitor cannot account 

for genetic variations in metabolism, and 

a heart rate tracker ignores non-Western 

baseline vitals. We must dismantle this 

echo chamber by building an open-source, 

global calibration framework for biosen-

sors. Validation across diverse human 

populations not only reduces bias, but 

also improves reliability and trust in 

medical technology. We must empower 

communities to contribute physiological 

data through decentralized, participatory 

biosensing, allowing real-world diversity to 

inform the next generation of diagnostics. 

Caitlyn X. Chen
Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA, USA. 
Email: caitchen@upenn.edu

Aquatic genetics
The advancements in genetically improved 

aquatic organisms promise not only to revo-

lutionize aquaculture but also to address the 

growing global demand for sustainable food 

sources. However, we must acknowledge a 

substantial risk that threatens the future of 

our field: the loss of genetic diversity due 

to an overreliance on genetically improved 

strains. As we selectively breed for desir-

able traits, we may inadvertently narrow the 

genetic pool, making our cultivated species 

more vulnerable to disease outbreaks, envi-

ronmental changes, and other unforeseen 

challenges. This genetic bottleneck poses 

a risk to the resilience of aquaculture and 

could undermine the long-term sustainabil-

ity of global food systems. To mitigate this 

risk, we must integrate a broader range of 

genetic material from wild populations into 

our breeding programs. By maintaining a 

diverse genetic reservoir, we can enhance the 

standardized recycling programs, we can 

reclaim valuable materials, minimize 

waste, and prevent environmental harm. 

Countries leading in solar adoption must 

also lead in responsible disposal. With 

innovation, policy, and cooperation, we can 

close the loop on solar sustainability.

Yousef Abdallatif
Department of Energy Systems Engineering, 
Necmettin Erbakan University, Meram, Konya, 
Turkey. Email: youseflatif@hotmail.com

Geological hydrogen
We stand at the precipice of an energy 

revolution: geological hydrogen production. 

However, if we mismanage hydrogen extrac-

tion, we could contaminate groundwater, 

trigger seismic activity, and deplete natural 

hydrogen reservoirs. Such consequences 

could stall progress, erode public trust, and 

set back clean energy innovation by decades. 

To mitigate this risk, we must prioritize 

rigorous site assessment and monitor-

ing standards before extraction begins. 

Scientists must collaborate to develop 

precise models of hydrogen flow, test pilot 

projects in diverse geological settings, and 

enforce strict environmental safeguards. 

Hao Zhang
Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, 
Cambridge, MA, USA. 
Email: hzhchem@mit.edu

Qualitative research
Qualitative research, which often comple-

ments quantitative methods in social 

science, is vulnerable to privacy threats. 

Qualitative methods can unearth highly 

sensitive information about study partici-

pants, with the potential to put individuals 

and their affiliated communities and 

organizations in jeopardy. In response 

to the reproducibility crisis, qualitative 

researchers are expected to adhere to 

strict standards of data transparency, but 

data openness and accountability require-

ments can backfire without the appropriate 

guardrails in place. Cryptography based on 

zero-knowledge proofs, which has anony-

mized medical records to protect citizens 

under authoritarian regimes, could help. 

Informed by practices of risk modeling, 

interoperable zero-knowledge cryptographic 

protocols should be integrated into qualita-

tive research software to remedy the lack of 

cybersecurity standards in social science.

Fotis Tsiroukis 
Department of Science, Technology, and Society, 
School of Social Sciences and Technology, 
Technical University of Munich, Munich, Bavaria, 
Germany. Email: fotis.tsiroukis@tum.de
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By Katie Joice

B
rainwashed” has always been a kind 

of slur. Brainwashing is something 

that happens to other people: the po-

litically untethered, the mentally un-

hinged, loners, dupes, screen addicts. 

In her new book, The Instability of 

Truth, historian Rebecca Lemov argues that 

it can happen, and is potentially happening, 

to all of us. 

As anxiety about disinformation, alter-

native media, and online surveillance in-

tensifies, the malleability of our minds has 

become a newly relevant problem. 

The Instability of Truth joins a 

burgeoning literature on this sub-

ject, including Daniel Pick’s Brain-

washed: A New History of Thought 

Control (2022) and Andreas Kil-

len’s Nervous Systems: Brain Sci-

ence in the Early Cold War (2023). 

Although her core material 

overlaps with these works, Lem-

ov’s arguments are shaped by her 

expertise in mid-century behav-

ioral science, a decade of teaching 

the subject at Harvard University, 

and personal reflections on hu-

man vulnerability and trauma. The book’s 

central claim is that a detailed understanding 

of postwar experiments in psychological ma-

nipulation will make us vigilant to the end-

less demands on our own attention, desires, 

and political affiliations. 

PSYCHOLOGY

Convince me, control me

Lemov’s story begins in familiar territory, 

with what she terms “the great brainwash-

ing crisis” of the 1950s and early 1960s. The 

concept first emerged during the Korean 

War to describe the psychological break-

down of a group of US soldiers held in Mao-

ist prison camps. A subsequent media-fueled 

panic about the vulnerability of the Ameri-

can psyche led to the creation of a clandes-

tine government-sponsored brainwashing 

industry. Programs such as MKULTRA and 

SERE were created to define and prevent 

mind control by enemy agents but ultimately 

became playgrounds for experimentation 

involving hallucinogenic drugs, 

hypnosis, sleep deprivation, and 

psychosurgery. 

Lemov is at her strongest 

when telling the strange tales that 

emerge from the confrontation 

between fragile individuals and 

malign technologies. A particu-

larly compelling example is found 

in the story of Leonard Kille, the 

brilliant and irascible working-

class engineer who played a role 

in the development of the Polaroid 

camera and subsequently became 

the victim of his own inventions 

when he was used as an experimental sub-

ject for imaging and cauterizing brain matter. 

By interweaving the motivations of the ma-

nipulated and the manipulator, Lemov sug-

gests that brainwashing, rather than being 

an either/or state, is an open-ended process 

involving risk and curiosity, messy human 

attachments, and the pragmatic need to sur-

vive. For this reason, it has always resisted 

scientific or legal definition.

Alongside her retellings of key episodes 

in the history of brainwashing, Lemov poses 

a series of difficult questions about scien-

tific discovery and the nature of selfhood, 

although at times these lines of inquiry get 

subsumed under the weight of historical and 

ethnographic detail. In the latter part of the 

book, these “empirically driven” portraits—

particularly the legal intricacies of the Patty 

Hearst kidnapping case and the niche online 

world of Astro-cryptocurrency—threaten to 

topple the story over. 

Throughout her career, Lemov has been 

fascinated by scientists’ attempts to stabilize 

arational phenomena, such as dreams and 

psychosis, with hyperrationalized recording 

and archival practices. Just as brainwashing 

should be thought of as a flux state rather 

than a personality transplant, she reminds 

readers that at its leading edge, science is it-

self uncertain and undefined, inviting them 

to reflect on the fact that both scientists and 

their human subjects are always being “done 

over” by experience. 

Lemov asserts repeatedly that the long-

term effects of emotional and physical trauma 

have been rightly acknowledged in the past 

decade and that it is this type of suffering, 

rather than “rational, cognitive malfunction,” 

that makes us susceptible to brainwashing. 

This is a convincing and compassionate ar-

gument. Yet it remains unclear whether the 

vulnerability to which she refers precedes the 

manipulation or is generated by the cruelties 

of the conversion process itself. 

As the book’s narrative unfolds—and the 

20th century progresses—the sites where 

brainwashing takes place become more 

diffuse: from prison camps and secret lab-

oratories to psychiatric clinics and cult head-

quarters, and most recently to our kitchen 

nooks and living rooms. Violent coercion and 

surgical interventions have made way for on-

line nudging and coaxing, a brave new world 

of soft control that feeds on narcissism and 

dopamine hits (although Elon Musk’s Neura-

link program, which connects brains directly 

to the internet, involves a real implant). 

Brainwashing may be a capacious idea, 

but I am not entirely convinced that we can 

draw a true line of evolution between these 

different forms of persuasion. Other terms 

such as propaganda, mass culture, and digi-

tal capitalism are perhaps more salient. Ulti-

mately, however, The Instability of Truth is a 

sensitively written, albeit uneven, book that 

will leave readers puzzling over how much 

we resist, submit to, or even desire to be 

“done over” by external influences. j

10.1126/science.adw2209

Lemov draws parallels between early brainwashing 

experiments and more modern forms of persuasion.

A historian probes the origins and evolution 
of psychological manipulation

B O O K S  e t  a l .

The Instability of Truth:
Brainwashing, 

Mind Control, and 
Hyper-Persuasion

Rebecca Lemov
Norton, 2025. 464 pp.
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INSIGHTS

By Jonathan Wai

T
he elephant in the room for many 

university students is that their per-

sonal goals may not always align 

with their mentor’s incentives. In 

How to Mentor Anyone in Academia, 

Maria LaMonaca Wisdom gets to 

the heart of this issue with a question for 

potential advisers: “How do you mentor 

someone who isn’t like you, and perhaps 

doesn’t want to become you?” From there, 

she takes the perspective of a professional 

coach, drawing on insights 

gained from more than a 

thousand conversations with 

faculty and students across 

various disciplines. As she 

explains in the book’s first 

chapter, “I uphold a defini-

tion of mentoring that fore-

grounds the needs of the 

mentee, in the service of 

their continuous learning 

and growth.”

Wisdom advocates tak-

ing mentors off of their 

metaphorical pedestals, ex-

plaining that although many 

faculty training panels fea-

ture “successful” faculty in a 

particular area, they can be 

intimidating and ultimately 

demoralizing to trainees. 

She then addresses the im-

portance of holding mentees 

to high standards while also 

creating nurturing spaces for 

failure and growth, framing one-on-one 

academic mentoring as a marathon rather 

than a sprint. She encourages mentors 

to think of their advisees as having two 

selves: “Self 1,” the inner critic, and “Self 

2,” the one who carries out the actions. 

Helping trainees quiet Self 1 and grow into 

and develop Self 2 is part of a mentor’s job, 

she maintains. 

In chapter 3, “Mentoring with Heart,” 

Wisdom notes that “academia attracts nar-

cissists, and its culture often reinforces 

and rewards their behaviors, to the detri-

ment of everyone.” Here, she argues that 

mentors should bridge differences, honor 

their mentees’ values and vision, and offer 

them unconditional positive regard. 

In chapter 5, Wisdom discusses power 

dynamics, writing: “Much has changed for 

graduate students in the past couple of 

decades, especially developments around 

issues of compensation, benefits, and em-

ployment status.” Even so, mentors and 

students “still operate within a hierarchi-

cal academic structure,” and we should all 

be aware of the different types of power 

involved and work to create psychologi-

cal safety while acknowledging factors 

we cannot control. 

Cultures of informal mentorship, includ-

ing peer mentorship, can be just as, if not 

more, important than one-on-one academic 

mentoring relationships. But Wisdom notes 

that the “hypercompetitive and siloed re-

search university” environment can be anti-

thetical to the inclination to offer someone 

help without strings attached. 

In chapter 7, Wisdom introduces the 

idea of helping trainees prepare for ca-

reers across and beyond higher educa-

tion. This is one of the most important 

things research-oriented faculty simply 

may not know how to do, but probably 

need to figure out fast, given downward 

trends in funding and hiring at research- 

intensive universities. 

Wisdom herself followed an unconven-

tional academic path that informs her broad 

and open-minded perspective on opportuni-

ties both within and outside academia. She 

recalls a discussion with a department chair 

who told her that she was lucky to get an 

interview because she did not know how to 

write a cover letter to a teaching institution. In 

that moment, Wisdom realized that her men-

tors had taught her to value research (which 

mattered in their jobs) but failed to convey, 

or themselves appreciate, the 

importance of teaching. 

Wisdom points out that 

graduate students seeking 

nonacademic jobs will often 

try to frame their research, 

project management, or 

other skills as “transferable” 

to the position they are seek-

ing. However, she notes, it 

is often much better for a 

job seeker to actually have 

relevant experience in the 

area in which they are apply-

ing and to network with the 

people who have those jobs. 

If faculty do not take care 

of themselves first, they are 

unlikely to be good mentors 

to anyone, observes Wisdom. 

And yet, incentives in the “up 

or out” tenure track system 

mean that triaging is always 

a necessity. Wisdom does not 

offer solutions to this broader 

structural problem but stresses the need to 

take care of oneself, to manage time effec-

tively, and to leave room for play. 

Wisdom concludes that we must learn to 

be mentors in the world as it is rather than 

how we would like it to be. “Do not under-

estimate how threatening or difficult change 

is for many people,” she cautions. Her obser-

vations raise an important question for aca-

demia: What should graduate school look like 

when most students will not go on to become 

versions of their advisers? This broader topic 

falls outside the scope of Wisdom’s book, but 

her framework for improving mentoring in 

academia is a good place to start. j

10.1126/science.adw0718

PROFESSIONAL DEVELOPMENT

When trainees seek other paths
A new book offers advice for mentoring those who 
do not aspire to follow in faculty’s footsteps

How to Mentor 
Anyone in Academia
Maria LaMonaca Wisdom
Princeton University Press, 
2025. 280 pp.

Faculty are often ill-equipped to advise those with aspirations outside academia.
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BIOINNOVATION

Empower the age of smart 
mRNA medicine
Programmable RNA sensor and molecular tools 
refine therapeutic payload production

By Xiaojing Gao

C
OVID-19 put a spotlight on mRNA 

vectors, which were programmed, 

manufactured, and distributed at an 

unprecedented speed. mRNA is safer 

than conventional DNA vectors be-

cause it cannot possibly insert into 

the human genome and cause mutations. 

It is also short-lived, which minimizes the 

risk of persistent side effects. mRNA has the 

potential to empower broad swaths of gene 

and cell therapies, such as encoding smart 

circuits that detect and remove cancer 

cells or senescent cells (for rejuvenation). 

Chimeric antigen receptor (CAR) T cells 

are a notable example that transformed 

the cancer therapy landscape. These cells 

are conventionally engineered ex vivo and 

therefore remain prohibitively expensive. 

The ability to engineer them in vivo using 

mRNA vectors lowers both logistical and fi-

nancial barriers (1). Imagine a future where 

the treatment for a recalcitrant cancer is as 

straightforward as receiving a vaccine shot.

The COVID-19 vaccine produces the an-

tigen whenever it enters a cell. How can 

mRNA vectors be made smarter—i.e., pro-

duce payloads in the right cells at the right 

time? For example, if mRNA-encoded pay-

loads were used to activate a subtype of reg-

ulatory T cells to manage an autoimmune 

disease, it would be counterproductive—or 

even catastrophic—if the payloads were 

also produced in immunostimulatory cells. 

In contrast to the cornucopia of DNA-level 

controls that bestow cell type or state speci-

ficity, control methods compatible with 

mRNA delivery are underdeveloped. Simi-

lar specificity is partially achieved through 

engineered lipid nanoparticles, but that 

alone remains inadequate.

The advent of sequencing techniques 

allows us to now identify signatures of 

distinctly produced endogenous RNAs (re-

ferred to as markers hereafter) in virtually 

GRAND PRIZE WINNER

Xiaojing Gao

Xiaojing Gao 
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Peking Univer-

sity and a PhD 

from Stanford 
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California Institute of Technol-
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In vitro transcribed mRNA

Off-target cell On-target cell

RNA marker

Payload OFF Payload ON

RNA marker for specific cells

ADAR dsRNA
binding domain

ADAR
deaminase
domain

Constitutive
marker (mCherry)

Payload OFF
(GFP)

Payload ON
(GFP)

A, adenosine; ADAR, adenosine deaminase acting on RNA; C, cytosine; dsRNA, double-stranded RNA; G, guanine; GFP, green fluorescent protein; 
I, inosine; Trp, tryptophan; U, uracil.

Function and mechanism of RADAR
The left panel shows that RADAR (RNA sensing using ADAR) ensures the production of payloads only 

in cells that express specific RNA markers. The right panel shows the mechanism: dsRNA formation, ADAR 

recruitment, and editing-based alteration of the stop codon. The stop codon is intentionally placed 

again CCA with one mismatch in the middle, known to enhance editing. Self-cleaving 2A peptides are used to 

separate the variable peptide encoded by the sensing region from the constitutive marker and the payload.  
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any cell type or state. All that is needed is a 

design that produces payloads in response 

to such cell type– or state-specific marker 

RNAs (see the figure). For the past decade, 

researchers have designed RNA molecules 

on the basis of biophysical rules (2). These 

engineered RNA sensors change conforma-

tion upon base pairing with marker RNAs, 

which leads to payload production. De-

spite their success in vitro and in bacteria, 

it took considerable engineering to make 

them functional in mammalian cells (3–5). 

My colleagues and I hypothesized that one 

critical confounding factor is our immune 

pathways. Double-stranded RNA (dsRNA), 

inevitably formed during the operation 

of these sensors, signifies viral infection. 

Therefore, dsRNA is engaged by multiple 

endogenous housekeeping proteins in our 

cells. These proteins may affect sensor per-

formance in unpredictable, cellular con-

text–dependent ways, and it is unclear how 

one could engineer around them.

Not dismayed, we decided to turn this 

bug into a feature and investigated whether 

we could incorporate one of these house-

keeping mechanisms into a new sensor de-

sign. We settled on enzymes called ADAR 

(adenosine deaminase acting on RNA) be-

cause of the specific reaction that they cata-

lyze. ADAR binds to dsRNA and edits the 

adenosine (A) within to inosine (I), which is 

then treated as guanine (G) during transla-

tion (6). The key feature of our sensor, called 

RADAR (RNA sensing using ADAR) (see the 

figure), is a middle coding region that is re-

verse complementary to a segment of the 

marker RNA and that harbors an in-frame 

stop codon (7). In the absence of the marker, 

the stop codon prevents the production of 

the downstream payload. Marker-sensor 

hybridization induces ADAR-mediated 

editing, which alters the stop codon to a 

tryptophan codon and green-lights payload 

production (8). We have since validated 

RADAR functionality in human cancer cell 

lines, the mouse central nervous system, 

and even plants, which suggests the broad 

applicability of this programmable sensor.

As RADAR advanced inside our labora-

tory, the outside world took a sharp turn. 

In 2022, BioNTech and Moderna stocks 

tumbled. The Nasdaq Biotechnology Index 

dropped almost 30% in 6 months. Later 

that year, convinced that the entrepre-

neurial route would bring RADAR’s im-

pact to mRNA medicine sooner than what 

the typical academic pace would allow, I 

cofounded Radar Therapeutics with Eerik 

Kaseniit, Sophia Lugo, and James Collins. 

We optimistically set out to brave what 

some would later refer to as biotechnology’s 

nuclear winter. Investors resonated with 

our vision. But 2023 saw the greatest peak 

in biotech bankruptcies since 2010. In the 

end, the founding team and our laboratory’s 

resourcefulness prevailed. We built out the 

platform; identified the most compelling 

indications; and, most notably, established 

a distinct second-generation design (un-

published; provisional patent application 

filed). Our design overcomes key challenges 

that faced the first-generation designs in an 

exciting field (7, 9–11) and opens doors to 

new engineering possibilities. It holds the 

promise to sense markers, such as splicing 

variants and highly structured RNAs, that 

pose challenges for the old designs and to 

outperform the old designs’ signal-to-base-

line ratios.

Radar Therapeutics closed an oversub-

scribed $13.5 million seed round earlier this 

year and counted Eli Lilly and Company 

among its investors. We garnered media at-

tention, such as being featured in Endpoints 

News and the Business of Biotech podcast. 

We are recognized by multiple awards, often 

from major industrial players and potential 

partners, including J&J Innovation’s Cell & 

Gene Therapy Award; AbbVie’s Golden Ticket 

Award; Amgen’s Diversity, Inclusion, and Be-

longing Award; and a California Life Sciences 

Wacker Biotech Discovery Award (providing 

another $100,000). Such resources and recog-

nitions enabled us to assemble a stellar team 

of experienced and passionate scientists and 

engineers, who work tirelessly to optimize 

RADAR for its first indications.

Beyond RADAR [supported by a Na-

tional Institutes of Health (NIH) Trailblazer 

Award], we are building a program of syn-

thetic biology for human health, with an 

emphasis on mRNA compatibility. Although 

RADAR detects intracellular states, it is 

also important to respond to what happens 

outside the cells (e.g., CAR T cell produc-

tion only in tumor microenvironments). 

We therefore developed a sister sensor for 

that (supported by an NIH New Innovator 

Award) (12). We also engineer protein-level 

circuits in parallel because they comple-

ment RNA-based sensors with specific 

benefits, such as direct interface with en-

dogenous protein-level signaling pathways 

(13). Finally, we recognize the immunogenic 

risk of viral and bacterial components often 

used by synthetic biologists, and we are “hu-

manizing” some of the commonly used ones 

(14, 15). We expect such engineering efforts 

to contribute to a new age of smart mRNA 

medicine, both academically and through 

additional entrepreneurial endeavors.        j
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the ability of the alloys to resist 

asymmetric stress cycling, 

which can cause cumulative 

unidirectional plastic strain. Pan 

et al. showed that it is possible 

to achieve both high strength 

and superior resistance to cyclic 

creep by engineering the gradi-

ent hierarchy of dislocation cells 

in single-phase, face-centered 

cubic 304 stainless steel. Under 

asymmetrical cyclic stresses, 

continuous stacking fault 

formation and crystal structure 

transformation led to sustained 

structural refinement. This 

process resulted in enhanced 

strain hardening, reduced 

dynamic recovery, and mitigated 

strain localization, thus lowering 

NEURODEVELOPMENT

Cell-by-cell view of a 
developing cochlea
Sensory organs play a major 

role in how animals interact with 

the environment. de Haan et 

al. used in utero injection and 

lineage tracing to resolve cel-

lular differentiation trajectories 

of the developing inner ear in 

mice. Lentiviral injection into 

the mouse amniotic cavity at 

embryonic day 7.5 allowed the 

authors to determine the various 

cell types within the cochlear 

epithelium, neural crest–derived 

glia, and intermediate cells in the 

cochlea. Their results led to the 

identification of cell types that 

were previously misclassified, 

and represent a comprehen-

sive single-cell atlas of clonal 

relationships within the mouse 

cochlea. —Mattia Maroso

Science p. 60, 10.1126/science.adq9248

CHEMICAL BIOLOGY

A transposition
system for proteins
There are many natural and engi-

neered enzymatic systems for 

breaking apart and piecing back 

together DNA and RNA. With a 

few exceptions, proteins are not 

amenable to this kind of manipu-

lation once they are produced 

and folded. Hua et al. developed 

a chemical transposition system 

for proteins in which an internal 

section can be entirely replaced 

by an exogenously supplied 

polypeptide. Matching the kinet-

ics of the two splicing reactions 

is key to efficient transposition. 

This system functions on folded 

proteins in vitro, and the authors 

also demonstrated reactions in 

live cells. —Michael A. Funk

Science p. 68, 10.1126/science.adq8540

METALLURGY

Suppressed cyclic creep
A range of techniques are used 

to strengthen metal alloys to 

increase their duty life, but 

these approaches often reduce 

Wild bonobos extensively use complex vocal utterances, not unlike how humans combine elements in speech.

Edited by Michael Funk

I N  SC IENCE  J O U R NA L S

RESEARCH

ANIMAL COMMUNICATION

Closer than we thought

O
ne hallmark of human language is the combination of elements into larger meaningful struc-

tures, a pattern referred to as compositionality. Compositionality can be trivial, in which the two 

parts are added together to give meaning, or nontrivial, in which the meaning in one part modi-

fies the meaning in the other. Recent research has found the presence of trivial compositionality 

across a number of species, but it has been argued that nontrivial compositionality is unique 

to humans. Berthet et al. used a large dataset of bonobo vocalizations in conjunction with a distribu-

tional semantics approach and found that not only did they display compositionality, but three of the 

four types were nontrivial. —Sacha Vignieri   Science p. 104,  10.1126/science.adv1170
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– Marc S. Lavine

Science p. 82,  10.1126/science.adt6666

SOLAR CELLS

Strain-incorporated 
rubidium
Cooperative lattice contrac-

tion created by small chlorine 

and rubidium ions allows the 

formation of a stable wide-

bandgap perovskite for use in 

tandem solar cells. The small 

size of rubidium cations usually 

prevents the formation of the 

perovskite phase, but Zheng 

et al. showed that the strain 

induced with added chlorine 

prevents phase segregation of 

the rubidium and cesium cations 

in the perovskite and creates 

a phase with a wide band gap 

(1.67 electron volts). A perovskite 

solar cell had an open-circuit 

voltage of 1.3 volts, 93.5% of the 

radiative open-circuit voltage 

limit. —Phil Szuromi

Science p. 88, 10.1126/science.adt3417

HUMAN GENETICS

Transcription networks
in erythropoiesis
Most genetic variants associated 

with phenotypes or diseases are 

located in noncoding regions of 

the genome that play a crucial 

role in regulating gene expres-

sion. However, the mechanisms 

through which these variants 

exert their effects remain largely 

unclear in most cases. Martin-

Rufino et al. have developed 

“Perturb-multiome,” a technology 

that uses CRISPR to disrupt key 

regulatory proteins while simul-

taneously analyzing changes in 

DNA accessibility and gene activ-

ity in individual blood-forming 

cells. The authors identified criti-

cal regions of the human genome 

that regulate gene expression 

in response to perturbations, 

which are essential for shaping 

blood cell development despite 

comprising only a small fraction 

of the genome. This approach 

facilitates linking genetic variants 

to their functions across the 

genome, thereby advancing our 

Edited by Corinne Simonti

and Jesse Smith
IN OTHER JOURNALS

NEUROSCIENCE

Imaging the prosocial 
human brain
Despite the negative media head-

lines, humans are an incredibly 

prosocial species. Human proso-

ciality includes altruism, fairness 

in resource distribution, coopera-

tive behavior in collaboration, and 

reciprocity of favors. To identify 

brain functions and structures 

that support prosocial behavior, 

Ishihara et al. used data-driven 

analysis of multimodal magnetic 

resonance imaging (MRI) data. 

The higher the degree of pro-

social behavior, the greater the 

functional connectivity between 

cerebral hemispheres. This was 

also higher in individuals 

with a better functional balance 

in the same brain region be-

tween the cerebral hemispheres. 

understanding of gene regula-

tion in both health and disease. 

—Di Jiang

Science p. 52, 10.1126/science.ads7951

CELL BIOLOGY

 Signals for host
defense or cell death
In contrast to proliferating 

cells, the activation of the RHIM 

domain–containing kinase 

RIPK3 in neurons does not 

induce necroptosis but rather an 

antiviral transcriptional response. 

Kofman et al. investigated the 

molecular mechanisms under-

lying this response. In cortical 

neurons, RIPK3-dependent tran-

scriptional responses required 

other RHIM domain–containing 

proteins that are also critical for 

necroptosis in proliferating cells. 

Fibroblasts rendered resistant 

to necroptosis produced a 

RIPK3-dependent transcriptional 

signature upon viral infection 

similar to that of virally infected 

neurons. —Wei Wong

Sci. Signal. (2024) 

10.1126/scisignal.ado9745

FIBROSIS

Immune aging aggravates 
lung fibrosis
During aging, the lungs become 

more susceptible to damage 

caused by respiratory pathogens 

and chronic diseases such as 

idiopathic pulmonary fibrosis, 

but the role of the aging immune 

system in this process remains 

incompletely understood. Using 

mouse models of bone marrow 

transplantation, Farhat et al. 

found that an aged hematopoietic 

system enhances susceptibility 

to lung fibrosis. Transplantation 

of aged bone marrow into young 

mice increased the influx of 

monocytes, which gave rise to 

profibrotic alveolar macrophages 

due to impaired induction of 

interleukin-10–producing regula-

tory T cells after lung injury. These 

findings provide insight into the 

age-associated changes to the 

immune system that contribute 

to lung fibrosis. —Claire Olingy

Sci. Immunol. (2025)

 10.1126/sciimmunol.adk5041

Broadclub cuttlefish (Sepia latimanus) mimic the shapes 

and coloration of leaves and coral to sneak up on prey.

CAMOUFLAGE

Hiding in plain sight

C
uttlefish are known for their amazing ability to produce 

color and texture patterns on their skin using muscu-

larly controlled chromatophores and papillae. These 

animals have been shown to use this control flexibly 

across a wide array of conditions to hide or mimic. How 

et al. recorded approaching broadclub cuttlefish from the 

perspective of their crab prey and found that the predators 

used four different camouflage displays, or some mixture 

thereof, to hide themselves as they approached. Approaching 

cuttlefish took on the appearance of a floating mangrove leaf, 

a branching coral, a passing stripe, or a small fish depending 

on prey species and environmental conditions. 

—Sacha Vignieri   Ecology (2025)  10.1002/ecy.70021
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Additionally, individuals with 

stronger structural connectivity 

between hemispheres and larger 

corpus callosum volumes exhib-

ited higher degrees of prosocial 

behavior. —Peter Stern

eNeuro (2025)

10.1523/ENEURO.0304-24.2025

 PROPAGANDA

Identifying propaganda
To amplify the ruling party’s 

propaganda, autocratic govern-

ments use secretive techniques 

to influence the media. In China, 

inaccurate or misleading gov-

ernment-authored narratives in 

newspapers are challenging to 

identify because propaganda 

can be difficult to define, opera-

tionalize, and detect. Waight 

et al. defined scripted propa-

ganda, news stories planted 

by the government, and then 

developed a method to identify 

it through leaked directives 

from the Chinese government’s 

publicity and propaganda 

department. The authors ana-

lyzed a decade of news stories 

to find where newspapers 

copied phrases from directives. 

Propaganda was also detected 

without access to directives 

when similar messages across 

different news sources were 

printed on the same day. This 

new method allows scholars to 

monitor the Chinese president’s 

tight control of the media. 

—Ekeoma Uzogara

Proc. Natl. Acad. Sci. U.S.A. (2025)

 10.1073/pnas.2408260122

SCIENCE OF SCIENCE

Quality suffers when 
racing to publish
Harnessing metadata from the 

Protein Data Bank (PDB), Hill 

and Stein showed that proteins 

seen as being more important 

(and generating more cita-

tions) stoke more competition 

among researchers racing to 

publish structures first. However, 

although they are completed 

more quickly, the resulting 

structures are of poorer quality. 

This “race to the bottom” pattern 

is not observed among struc-

tures from structural genomics 

groups less focused on winning 

publication races. Since PDB’s 

1971 founding, efforts to improve 

the quality of these initially 

lower-quality structures are esti-

mated to have cost $2.3 to $6.6 

billion. —Brad Wible

Q. J. Econ. (2025)

10.1093/qje/qjaf010

BEHAVIOR

Danger neurons
The ability to recognize and 

respond to imminent threats is 

critical for survival in all animals. 

Cheung et al. investigated the 

brain circuits mediating innate 

fear responses in mice during 

naturalistic predator encounter-

ing. Focusing on the ventromedial 

hypothalamus (VMHdm), the 

authors identified a specific sub-

population of neurons encoding 

for threat and safety and a differ-

ent subpopulation representing 

predator imminence. Their results 

indicate that multiple internal 

states associated with an unex-

pected threat, including threat 

recognition, anxiety, and fear, are 

represented simultaneously in 

the brain by different subsets of 

VMHdm neurons. Therefore, tar-

geting specific subpopulations in 

the VMHdm could be an effective 

approach for treating psychi-

atric disorders associated with 

abnormal responses to stimuli. 

—Mattia Maroso

Neuron (2025)

10.1016/j.neuron.2025.02.003

PLASTIC UPCYCLING

Zinc in the microwave
Plastic waste accumulation 

remains a worldwide problem, 

and the most common plastics, 

polyethylene and polypropyl-

ene, are especially challenging 

to break down. One approach 

has been to heat the waste to 

high temperature, but without 

expensive catalysts, it can be 

difficult to achieve a valuable 

product distribution. Zhao et 

al. report a protocol in which 

the pulverized polyolefins are 

mixed with zinc oxide, which 

facilitates efficient microwave 

heating. The inexpensive zinc also 

catalyzes depolymerization to 

favor hydrocarbon products well 

suited to lubricant applications. 

—Jake S. Yeston

Nat. Commun. (2025) 

10.1038/s41467-024-55584-1 P
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The cost-effectiveness 

of planting trees to remove 

carbon dioxide from the 

atmosphere depends on the 

types of trees planted.

CLIMATE

Arboreal decarbonization

O
ne of the most popular strategies used to remove carbon dioxide from the air is planting 

trees. However, not all tree-planting strategies are equally beneficial; questions such as 

which species grow best in a given environment, which ones will thrive better in a 

higher–carbon dioxide world, and which ones are the most cost-effective all must be consid-

ered in decisions about which types of trees to plant. Cho et al. investigated these issues in 

the United Kingdom to quantify uncertainties related to climate and economic conditions and 

to examine how planting choices are affected by modern methods of decision-making. Despite the 

risks, tree planting can be one of the most cost-effective ways to remove carbon dioxide from 

the air.  —Jesse Smith   Proc. Natl. Acad. Sci. U.S.A. (2025)  10.1073/pnas.2320961122
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INSECT DECLINE

Integrating multiple evidence streams
to understand insect biodiversity change
Rob Cooke†, Charlotte L. Outhwaite†, Andrew J. Bladon, Joseph Millard, James G. Rodger,

Zhaoke Dong, Ellie E. Dyer, Siobhan Edney, John F. Murphy, Lynn V. Dicks, Cang Hui, J. Iwan Jones,

Tim Newbold, Andy Purvis, Helen E. Roy, Ben A. Woodcock, Nick J. B. Isaac*

BACKGROUND: Insects are the dominant form

of animal life on our planet in terms of spe-

cies diversity, abundance, and biomass. They

perform a plethora of functions that are es-

sential to human health and well-being and

occupy central positions in trophic networks.

Insects are declining in many regions of the

world in response to interacting drivers. Un-

derstanding the mechanisms behind these

changes is essential if we are to prevent fur-

ther declines and safeguard populations of

insects in the future. Insects are a challenging

group to study because they are hyperdiverse,

have complex life cycles, are functionally com-

plex, and experience substantial population

fluctuations. In addition, the fragmented and

unrepresentative available evidence base means

that the global state of insect biodiversity re-

mains unclear. In the face of these challenges,

new approaches are required to determine the

global status of insects and their responses to

drivers of change.

ADVANCES: Time-series data provide the most

direct evidence for biodiversity trends. How-

ever, insect time series are typically too short

and too variable to show clear trends, and ge-

ographic coverage is too patchy for global in-

ference. Increasingly, data from experiments,

spatial comparisons, expert elicitation, and other

sources are being used to make large-scale as-

sessments of biodiversity change. These alter-

native evidence types have their own strengths,

weaknesses, and gaps. In this Review, we ad-

dress the grand challenge of understanding

insect biodiversity change by using these frag-

mentary data. We propose an approach for

combining multiple evidence types that would

allow us to take advantage of the strengths of

each while mitigating their weaknesses. This

will enable informed assessments of insect re-

sponses to drivers of change, acknowledging

uncertainty, resulting in better directed con-

servation action. Although conceived with the

challenges of insects in mind, our approach is

equally applicable to other taxonomic groups.

OUTLOOK: Evidence on the global state of in-

sect biodiversity is incomplete. There is an

urgent need to understand how, and crucial-

ly why, insect biodiversity is changing. We

cannot wait decades for additional data

and answers to emerge from new monitor-

ing schemes before acting. We propose an

approach to better understand how insects

are changing in the context of multiple

drivers of global change. To achieve this un-

derstanding, we must combine evidence from

existing data from a range of sources to en-

able generalization across space, time, and

taxonomy. This will facilitate more robust

assessments of insect biodiversity change

and improve our confidence in those assess-

ments so that informed conservation and

policy recommendations can be made to pro-

tect insect biodiversity.▪
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Harnessing the breadth of evidence

on insect biodiversity change. By

combining data from a range of sources—

including from time series, spatial

comparisons, expert elicitation, and

experiments—we can gain a more complete

picture of how insects respond to drivers

of change while allowing transparency

in uncertainty and data gaps.
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ULTRASOUND IMAGING

Nonlinear sound-sheet microscopy: Imaging opaque
organs at the capillary and cellular scale
Baptiste Heiles, Flora Nelissen, Rick Waasdorp, Dion Terwiel, Byung Min Park,

Eleonora Munoz Ibarra, Agisilaos Matalliotakis, Tarannum Ara, Pierina Barturen-Larrea,

Mengtong Duan, Mikhail G. Shapiro, Valeria Gazzola, David Maresca*

INTRODUCTION: Enablingdiscoveries in the field

of biology often requires new ways of visual-

ization. One of the most informative methods

for observingdynamic cellular processes in living

organisms uses light-sheet microscopy to lever-

age genetically encoded fluorescent reporters.

Unfortunately, opticalmicroscopy is phototoxic

to cells and remains restricted to the study of

thin transparent specimens. The physics of

high-frequency ultrasound is ideally suited to

in vivo cellular imaging by providing a com-

bination of deep penetration (~1 cm) and high

spatiotemporal resolution (~100 mm, 1 ms). In

addition, the recent introduction of genetically

encoded gas vesicles (GVs) as the “green fluores-

cent protein for ultrasound” creates new oppor-

tunities for in vivo studies of cellular function.

To equip ultrasound with capabilities anal-

ogous to those given to optical microscopy by

fluorescent proteins, there is a need for fast

high-resolution and volumetric ultrasound

imagingmethods capable of visualizing acous-

tic reporter genes and acoustic biosensors. If

this can be achieved, the resulting capabilities

will allow researchers to explore previously

inaccessible cellular biology in vivo with un-

paralleled information content, resolution,

coverage, and translatability to biological re-

search and clinical development.

RATIONALE: We introduce the concept of non-

linear sound-sheetmicroscopy (NSSM), amethod

capable of detecting both genetically encoded

GVs and synthetic lipid-shelled microbubbles

(MBs) across thin living tissue sections. The

fundamental idea behind this method is to

modulate acoustic pressure along the main

lobe of nondiffractive ultrasound beams to

confine the nonlinear scattering of GVs and

MBs to thin tissue sections. Because GVs and

MBs respond to increasing acoustic pressure

levels in a nonlinear way, they can be distin-

guished from surrounding tissues that respond

to increasing pressure levels in a linear way. To

maximize the volumetric field of view of NSSM,

we developed our imagingmethod on a class of

high-frequency ultrasound transducers called

row-column–addressed (RCA) arrays. In our

current implementation, the imaging field of

view was approximately 1 cm
3
.

RESULTS: Firstly, we assessed the capacity of

NSSM todetect bacterial acoustic reporter genes

in three dimensions. Escherichia coli engi-

neered to constitutively express nonlinearly

scattering GVswere successfully detected along

the two orthogonal directions of a 15-MHzRCA

array. By sweeping electronically the sound-

sheet plane along the two orthogonal direc-

tions of theRCA array, we captured volumetric

images of bacterial acoustic reporter genes

spanning 8.8 × 8.8 × 10 mm
3
. Secondly, we

performed longitudinal NSSM of genetically

labeled tumors and revealed three-dimensional

(3D) patterns of GV expression over several

days. We showed that NSSM can be used to

track tumor growth but also to quantify both

tumor and necrotic core volumes. Thirdly, we

demonstrated that NSSM is capable of de-

tecting synthetic lipid-shelled MBs, a class of

resonant ultrasound contrast agents used as

vascular reporters. Using NSSM at kilohertz

frame rates in arbitrarily selected planes, we

acquired nonlinear Doppler images of the rat

brain vasculature across the entire brain. Last-

ly, the combination of NSSM with ultrasound

localization microscopy allowed us to map

cerebral blood flows below 3 mm/s, thereby

revealing the capillary vasculature in living rat

brains in 100-mm-thick tissue sections.

CONCLUSION:We demonstrated the ability of

NSSM to confine nonlinear scattering of ge-

netically encoded GVs and synthetic lipid-shelled

MBs to wavelength-thin opaque tissue sec-

tions. NSSM is an imaging method that can

either be tuned for speed or coverage. In two

dimensions and at an ultrasound frequency of

15 MHz, NSSM can scan 1 cm deep with a the-

oretical frame rate of 25.6 kHz. In three dimen-

sions, NSSM can acquire 8.8 × 8.8 × 10 mm
3

volumes of tissue with a theoretical volume

rate of 233 Hz. To use NSSM to the fullest,

new generations of brighter acoustic reporter

genes and faster biosensors will have to be

developed. Additionally, the sensitivity of

NSSM should be improved further to enable

single-cell detection. If we are successful, NSSM

will carry a wave of opportunities for dynamic

imaging studies of biological processes across

scales.▪
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Selective-plane ultrasound

imaging of brain capillaries
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Nonlinear sound-sheet microscopy. The ability to excite acoustic reporters one plane at a time enables

molecular ultrasound imaging at the cellular and capillary scales. (i) In NSSM, the nonlinear scattering

of acoustic reporters is confined to thin sound sheets spanning 0.1 × 10 × 9 mm3. (ii) Orthogonally

swept sound-sheet imaging enables the 3D visualization of gene expression in opaque organs, whereas

(iii) sound-sheet localization microscopy enables deep super-resolution imaging of brain capillaries. p, pitch

of the RCA. p/2 was equal to 55 mm in this study.
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MOLECULAR BIOLOGY

Exogenous RNA surveillance by proton-sensing TRIM25
Myeonghwan Kim, Youngjoon Pyo, Seong-In Hyun, Minseok Jeong, Yeon Choi, V. Narry Kim*

INTRODUCTION: Exogenous RNAs, including

therapeutic mRNAs and viral RNAs, must nav-

igate cellular barriers and defenses to enter

cells and synthesize proteins. Current clinical

mRNA technologies use ionizable lipid nano-

particles (LNPs) to deliver in vitro–transcribed

(IVT) mRNAwith a 5′ cap, poly(A) tail, andN
1
-

methylpseudouridine (m1Y) modification,

which enhance protein production. The ioniz-

able lipids in LNPs become positively charged

upon endosome acidification, triggering endo-

somal rupture and releasing mRNA into the

cytosol. These innovations have substantially

improved transgene expression, establishing

mRNA as a transformative therapeutic plat-

form. Nevertheless, despite the broad applica-

tions of LNP-mRNA, the regulatorymechanisms

remain poorly understood. A deeper under-

standing of the cellular processes governing

the life cycle of exogenous RNAs is impor-

tant for advancing mRNA therapeutics.

RATIONALE: To systematically identify cellular

regulatory factors, we conducted a genome-

wide CRISPR-Cas9 knockout screen. HCT116

cells were transduced with a single guide

RNA (sgRNA) library and subsequently trans-

fected with mRNAs encoding enhanced green

fluorescent protein (EGFP). The IVT mRNAs

were synthesized with or without m1Y to

determine how this modification enhances

protein output. We also performed a counte-

rscreen using a cell line stably expressing EGFP

to distinguish factors that regulate endoge-

nous versus exogenous mRNAs. Fluorescence-

activated cell sorting was used to isolate cells

displaying the lowest and highest fluorescence,

and the enriched sgRNAs were sequenced

to identify positive and negative regulators,

respectively.

RESULTS: From the screens using IVTmRNAs,

we found positive regulators including genes

involved in heparan sulfate proteoglycan (HSPG)

synthesis, vesicular transport, and vacuolar

adenosine triphosphatase (V-ATPase) subunits.

HSPGs are cell surface glycoproteins with cova-

lently attached heparan sulfate chains. Interfer-

ing with HSPGs reduced mRNA internalization,

indicating their role in LNPuptake. V-ATPase is

a proton pump that acidifies endosomes. De-

pletion or inhibition of V-ATPase blocks endo-

somal escape of LNP-mRNA.

Our screen also identified TRIM25—an RNA

binding E3 ubiquitin ligase—as a key cyto-

solic suppressor. Knockout or knockdown of

TRIM25 results in an increase of gene ex-

pression from LNP-mRNA. TRIM25 functions

across multiple human and mouse cell types,

indicating a widespread and conserved sur-

veillance mechanism. TRIM25 acts by induc-

ing RNA turnover without substantial impact

on translation or deadenylation. TRIM25 down-

regulates circular RNAs as well as linear RNAs,

suggesting an endoribonucleolytic mechanism.

We identified two endoribonucleases, N4BP1

and KHNYN containing the NYN domain,

serving as decay factors along with zinc-finger

antiviral protein (ZAP) in a TRIM25-dependent

manner. m1Y reduces TRIM25’s RNAbinding

andubiquitinationactivity, helping RNAs evade

its suppressive effect. TRIM25 does not show

specificity toward RNA sequence, cap structure,

or poly(A) tail length. Instead, it specifically

targets foreign RNAs delivered by acidified

endosomes. TRIM25’s RNA binding affinity

increases even at mildly acidic pH, suggesting

activation by protons released from ruptured

endosomes.

CONCLUSION: This study elucidates the cellular

mechanisms regulating the delivery and sta-

bility of LNP-mRNAs by identifying HSPGs,

V-ATPase, and TRIM25 as key factors. Our

comprehensive mapping of cellular pathways

offers insights into RNA immunity and thera-

peutics. m1Y reduces TRIM25’s RNA binding,

mitigating TRIM25’s suppressive effect, which

explains why m1Y effectively improves IVT

mRNAs. Notably, TRIM25 specifically targets

exogenous RNAs entering the cytosol through

the endocytic pathway, with its RNA binding

affinity escalatingwith even subtle pH changes.

Our findings propose a model where TRIM25

is locally activated by protons released from

acidified endosomes, enabling TRIM25 to se-

lectively recognize nonself RNAs. This posits

TRIM25 as a proton-sensing defender respon-

sive to endosomal damage and implicates the

role of protons as signaling entities.▪
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Genome-wide screen identifies cellular regulators of exogenous RNA delivered by LNP. Heparan

sulfate facilitates cellular uptake. V-ATPase acidifies endosomal lumen, enabling endosomal escape. TRIM25,

activated locally by protons from ruptured endosomes, captures RNA and induces RNA cleavage.

Endoribonucleases N4BP1 and KHNYN, along with ZAP, redundantly mediate TRIM25-dependent RNA

surveillance. m1Y modification helps RNA to evade TRIM25, increasing protein output.
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OSTEOARTHRITIS

Osteoarthritis treatment via the GLP-1–mediated
gut-joint axis targets intestinal FXR signaling
Yuanheng Yang†, Cong Hao†, Tingying Jiao†, Zidan Yang†, Hui Li†, Yuqing Zhang, Weiya Zhang,

Michael Doherty, Chuying Sun, Tuo Yang, Jiatian Li, Jing Wu, Mengjiao Zhang, Yilun Wang,

Dongxing Xie, Tingjian Wang, Ning Wang, Xi Huang, Changjun Li, Frank J. Gonzalez, Jie Wei*,

Cen Xie*, Chao Zeng*, Guanghua Lei*

INTRODUCTION: Although previous research

has demonstrated the functional roles of gut

microbiota–derived metabolites in systematic

immune and metabolic disorders, few studies

have explored the possible actions of these

metabolites in conditionswith localized effects,

such as joint diseases. Osteoarthritis, a preva-

lent localized joint disease often referred to as

“wear and tear” arthritis, affects more than

595 million people worldwide. Nevertheless, its

underlying mechanism is not fully understood,

and no disease-modifying drugs are available.

Understanding the diseasemechanisms of osteo-

arthritis anddevelopingmechanism-based the-

rapeutic approaches is an urgent yet unmet

clinical need. Gutmicrobiota dysbiosis and seve-

ral microbial metabolites have been implicated

in osteoarthritis; however, whether a functional

gut-joint axis exists has yet to be established.

RATIONALE: Bile acids, an important and abun-

dant class of microbial metabolites, act as

signaling molecules through receptors, such

as farnesoid X receptor (FXR). FXR inhi-

bition in L cells stimulates glucagon-like pep-

tide 1 (GLP-1) production and secretion, and

GLP-1 receptor (GLP-1R) agonists show anti–

cartilage degrading effects in osteoarthritis,

which suggests that GLP-1 is a potential me-

diator linking the intestine and the joint.

These findings raise the possibility of a func-

tional and targetable gut-joint axis. Given

that bile acid receptors are promising targets

with several available US Food and Drug

Administration (FDA)–approved drugs, under-

standing the importance of bile acid metab-

olism and signaling and its relevance to

osteoarthritis may offer previously unrealized

translational opportunities.

RESULTS: Through targeted metabolomics

analysis of two independent cohorts totaling

1868 individuals, we identified alterations in

bile acid metabolism with reduced levels of

glycoursodeoxycholic acid (GUDCA) in osteo-

arthritis patients compared with controls.

Similar patterns were observed when cor-

relating reduced GUDCA with osteoarthritis

severity indicators. GUDCA supplementation

mitigated osteoarthritis progression in mice,

primarily through FXR inhibition. Knockout

of Fxr in intestinal stem cells increased the

number of GLP-1–positive L cells through

enhanced stem cell proliferation, resulting

in elevated serum levels of GLP-1. GLP-1R–

positive cells—but not GLP-1–positive cells—

are present in joints. Intra-articular injection

of a GLP-1R antagonist, exendin 9-39 amide,

abolished the therapeutic effects of GUDCA

on osteoarthritis, which indicates that L cell–

derived GLP-1 entered the joint to amelio-

rate osteoarthritis progression. Additionally,

intra-articular injection of liraglutide, an FDA-

approved GLP-1R agonist, mitigated cartilage

degradation in mice. Furthermore, metage-

nomic sequencing of stool samples from 981

individuals revealed gut microbiota dysbiosis

and a lower relative abundance of Clostridium

bolteae in osteoarthritis patients. Addition-

ally, C. bolteae showed the strongest positive

correlation with GUDCA within the same

cohort. In mice, colonization with C. bolteae

increased the levels of ursodeoxycholic acid

(UDCA) (a precursor of GUDCA) and al-

leviated the progression of osteoarthritis.

Notably, UDCA (an FDA-approved drug)

supplementation mitigated osteoarthritis

progression through this gut-joint axis in

mice, and UDCA use was also associated with

a lower risk of clinically relevant end point of

osteoarthritis-related joint replacement in a

cohort of 5972 individuals.

CONCLUSION:Weelucidated apathway through

which gut microbial metabolites influence

osteoarthritis progression and uncovered the

existence of a functional and targetable gut-

joint axis. We suggest that orchestrating the

gutmicrobiota–GUDCA–intestinal FXR–GLP-1–

joint pathway offers a potential strategy for

osteoarthritis treatment. Because FXR is a

known druggable target, these findings pro-

vide the foundation for developing disease-

modifying drugs for osteoarthritis.▪

RESEARCH

In
te
n
s
it
y

m/z

GUDCA Clostridium

bolteae

Osteoarthritis
patients Controls

Plasma Stool 

Metabolomics 
analysis

Metagenomic 
sequencing

Chondrocyte

Cartilage

GLP-1R

Alleviation of osteoarthritis

GUDCA

Clostridium
bolteae

UDCA

FXR

Proliferation
L cell

GLP-1

Intestinal

stem cell 

Blood vessel

Risk of joint

replacement

UDCA use

Gut-joint axis

Joint

Gut

Gut-joint axis
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Homogeneous-heterogeneous bifunctionality
in Pd-catalyzed vinyl acetate synthesis
Deiaa M. Harraz†, Kunal M. Lodaya†, Bryan Y. Tang, Yogesh Surendranath*

INTRODUCTION: Although it has long been ap-

preciated that heterogeneous catalyst materials

can serve as precatalysts for homogeneous ac-

tive species, and vice versa, seldom are both

phases invoked in a single catalytic cycle. The

assessment of catalyst phase encodes subse-

quent approaches for scientific study and ra-

tional catalyst design. The question of catalyst

phase is particularly pertinent for palladium

(Pd)–catalyzed vinyl acetate synthesis, a large-

scale industrial process. In this reaction, het-

erogeneous Pd metal catalysts are used, and

thin acetic acid wetting layers form on the

catalyst surface that enable the formation of

soluble Pd(II) species. The mechanism of vinyl

acetate synthesis remains poorly understood,

owing to uncertainty regarding the roles of

both heterogeneous Pd(0) and homogeneous

Pd(II). In this work, we used electrochemical

probes to study vinyl acetate synthesis, reveal-

ing that interconversion of heterogeneous

Pd(0) and homogeneous Pd(II) is required for

catalysis, with each species playing a comple-

mentary role in the catalytic cycle.

RATIONALE: We envisioned that electrochem-

istry could provide a distinctive lens for elu-

cidating the role of Pd(II) in this reaction, as

the formation of Pd(II) proceeds via corrosion

of metallic Pd, intrinsically an electrochemical

process. Thus, the electrochemical potential of

the catalyst, and how reaction rates scale with

potential, illuminate the role of corrosion in the

catalytic cycle. We conducted potentiometric

and voltammetric experiments in an acetic

acid–potassium acetate electrolyte as a model

liquid-phase reaction medium and further

extended our studies to more industrially rel-

evant vapor-phase conditions using a solid

electrolyte potentiometry technique that we

developed.

RESULTS: In our model acetic acid–potassium

acetate reaction medium, we found that Pd/C

is subject to corrosion to form Pd(II) acetate,

driven byO2 or anodic electrolysis. In this same

solution, Pd(II) acetate rapidly reacts with

ethylene to selectively produce vinyl acetate

with concomitant formation of Pd(0). Under

thermochemical reaction conditions, varia-

tion in O2 partial pressure changes both the

rate of vinyl acetate production as well as the

electrochemical potential of the Pd/C catalyst.

From these findings, we hypothesized that vinyl

acetate synthesis can proceed via either O2

driven, or external polarization driven, corro-

sion of Pd(0) to Pd(II) followed by rapid Pd(II)-

mediated ethylene acetoxylation.We compared

the rate-potential scaling of thermochemical

aerobic vinyl acetate synthesis (frommeasuring

the open circuit potential and thermal reaction

rate of Pd/Cunder ethylene andvarying amounts

of O2), electrolytic vinyl acetate synthesis (from

external polarization of Pd/C under ethylene in

the absence of O2), and electrolytic corrosion

(from external polarization of Pd/C under inert

atmosphere). All three of these processes dis-

play a common scaling of product formation

rate versus catalyst potential, signifying that

they share a commonkinetically relevant charge

transfer step, arising from the Pd corrosion half-

reaction. These observations support a mech-

anistic model for thermochemical vinyl acetate

synthesis in which heterogeneous nanoparticu-

late Pd(0) serves as an active oxygen reduction

electrocatalyst to furnish the high potentials

required for corrosion to form homogeneous

Pd(II), which then mediates selective ethylene

acetoxylation, and redeposits as heterogeneous

Pd(0). To extend these mechanistic investiga-

tions to the vapor phase, we used solid electro-

lyte potentiometry with a sodium b″-alumina

solid-state electrolyte to evaluate the catalyst

potential in the absence of a bulk liquid phase.

Under vapor-phase reaction conditions, we ob-

served the same rate-potential scaling for vinyl

acetate synthesis as was observed in the liquid-

phase reaction, suggesting that a similarmech-

anism is operativeunder vapor-phase conditions.

Additionally, inhibiting the corrosion of Pd(0)

to Pd(II) by galvanic protection resulted in

reversible poisoning of catalysis in both the

liquid and vapor phases, highlighting the es-

sential role of phase conversion in this cat-

alytic cycle.

CONCLUSION: Our results point to a mecha-

nism in which catalyst phase conversion is

an on-pathway process, required to furnish a

bifunctional catalyst system in which hetero-

geneous Pd(0) and homogeneous Pd(II) carry

out complementary roles of oxygen reduc-

tion and olefin functionalization, respectively.

This paradigm challenges the tacit assumption

that catalysis proceeds via either homoge-

neous or heterogeneous modes and instead

highlights how dynamic phase interconver-

sion can serve to harness and couple com-

plementary reactivity across molecular and

material active sites.▪
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A geological timescale for bacterial evolution and
oxygen adaptation
Adrián A. Davín*, Ben J. Woodcroft*, Rochelle M. Soo, Benoit Morel, Ranjani Murali,
Dominik Schrempf , James W. Clark, Sandra Álvarez-Carretero, Bastien Boussau, Edmund R. R. Moody,
Lénárd L. Szánthó, Etienne Richy, Davide Pisani, James Hemp, Woodward W. Fischer,
Philip C. J. Donoghue, Anja Spang, Philip Hugenholtz*, Tom A. Williams*†, Gergely J. Szöllősi*†

INTRODUCTION: Microbial life dominates the

biosphere, but a timescale of early microbial

evolution has proven elusive as a result of an

inadequate fossil record. The lack of maximum

age calibrations—the earliest point in time at

which a given group might have emerged—is

particularly problematic. However, the geo-

chemical record bears the imprint ofmicrobial

metabolism through time, providing a comple-

mentary source of information. A pivotal event

in this history was the Great Oxidation Event

(GOE) ~2.43 to 2.33 billion years ago (Ga), which

marked a substantial increase in atmospheric

oxygen. This transition, driven by the evolu-

tion of cyanobacterial oxygenic photosyn-

thesis and carbon burial, transformed the

biosphere from predominantly anoxic to oxic,

causing widespread adaptation to oxygen. In

this study, we used the temporal link between

atmospheric oxygenation and the evolutionary

spread of aerobic metabolism to calibrate the

phylogeny of the bacterial domain.

RATIONALE: To date the bacterial tree, we in-

troduced multiple new maximum age calibra-

tions by linking the GOE to the age of aerobic

lineages. We used a Bayesian approach that

assumes that aerobic nodes are unlikely to

be older than the GOE but can predate it given

sufficient evidence from fossils or sequence

divergence. To implement this approach, we

integrated phylogenetic reconciliation with

machine learning to map transitions from

anaerobic to aerobic lifestyles onto the bac-

terial tree. By aggregating signals across the

genome, we could robustly infer aerobic and

anaerobic phenotypes from incomplete ances-

tral gene repertoires.

RESULTS: We identified 84 anaerobic to aero-

bic transitions on a species tree of 1007 bac-

teria. Most transitions occurred after the GOE

and were driven by horizontal acquisition of

respiratory and oxygen tolerance genes. How-

ever, despite theGOE calibration, at least three

transitions predated this event, suggesting that

aerobic respiration evolved before widespread

atmospheric oxygenation and may have facili-

tated the evolution of oxygenic photosynthesis

in cyanobacteria. Our molecular clock analyses

estimated that the last bacterial common an-

cestor lived in the Hadean or earliest Archaean

era (4.4 to 3.9 Ga), whereas bacterial phyla

originated in the Archaean and Proterozoic

eras (2.5 to 1.8 Ga); most bacterial families are

as old as land plants and animal phyla, dating

back to the late Proterozoic (0.6 to 0.75 Ga).

CONCLUSION: We infer that the earliest aero-

bic bacteria emerged in the Archaean, predat-

ing the GOE by 900 million years. After the

GOE, aerobic lineages experienced faster diver-

sification than their anaerobic counterparts,

highlighting the impact of atmospheric oxy-

genation on bacterial evolution. The approach

developed here provides a framework for

linkingmicrobial traits to Earth’s geochemical

history, offering a pathway for exploring the

evolution of other phenotypes in the context of

Earth’s history.▪
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An integrated approach to date bacterial evolution and reconstruct the history of oxygen adaptation.

We inferred a bacterial timetree by integrating genomic, fossil, and geochemical data and linking oxygen

tolerance and aerobic metabolism to the GOE. Colors denote anaerobic (blue) and aerobic (red) states,

whereas shades of purple show the fraction of aerobic lineages within extant bacterial phyla. Mitochondria

and plastids were included to leverage the more extensive eukaryotic fossils. Land plants and animals are

indicated for temporal comparison.
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Human high-order thalamic nuclei gate conscious
perception through the thalamofrontal loop
Zepeng Fang†, Yuanyuan Dang†, An’an Ping†, Chenyu Wang, Qianchuan Zhao, Hulin Zhao*,

Xiaoli Li*, Mingsha Zhang*

INTRODUCTION: Exploring the neural substrates

underlying human consciousness is one of the

most exciting and challenging tasks in modern

science. There are at least two distinct modes

of consciousness: the conscious state (awake,

asleep, and coma, etc.) and the conscious content

(specific conscious experience). Human high-

order thalamicnuclei activity is known to closely

correlate with conscious states. However, it is

not clear how those thalamic nuclei and thal-

amocortical interactionsdirectly contribute to the

transient process (which occurs on amillisecond

scale) of human conscious perception. Whereas

most studies have focused the search for the

neural correlates of conscious perception on the

cerebral cortex, relatively few studies have ex-

plored the functional role of subcortical structures,

including high-order thalamic nuclei. Recently

it has been hypothesized that the high-order

thalamic nuclei act as gates to modulate cortical

activity during conscious perception; however,

there is a lack of direct empirical evidence from

human studies to support such argument.

RATIONALE: The thalamus has been conven-

tionally assumed to act as a prerequisite of

sensory information for conscious perception

rather than directly contributing to it. How-

ever, this assumption has been challenged by

novel theoretical hypothesis and empirical evi-

dence, mostly from anatomy and neuroimaging

studies, which have shown the direct involve-

ment of the human thalamus in various cog-

nitive functions. Although several theories of

consciousness have proposed that the thala-

mocortical loops might play a critical role in

human conscious perception, it is largely un-

known how consciousness-related information

is processed and transferred within these loops.

Moreover, because there is great functional het-

erogeneity across thalamic nuclei, it is necessary

to identify the respective roles of different thala-

mic nucleus in conscious perception.However,

precisely capturing neural activity with high

spatial and temporal resolution in human thala-

mic nuclei and in thalamocortical loops is very

difficult owing to technical restrictions. Simul-

taneous intracranial recordings from human

thalamic nuclei and thalamocortical loops pro-

vide an excellent opportunity to elucidate the

dynamicprocess of thalamocortical loopsduring

the emergence of conscious perception.

RESULTS:We simultaneously recorded stereo-

electroencephalography (sEEG) data from mul-

tiple thalamic nuclei and prefrontal cortex (PFC)

while patients were performing a novel visual

consciousness task. In this task, the matched

saccadic response between the conscious and

unconscious conditions largely minimized

the confusion of report-related activity with

consciousness-related activity. Compared with

the ventral nuclei and PFC, the intralaminar and

medial nuclei presented earlier and stronger

consciousness-related activity, including both

event-related potential (ERP) and event-related

spectral perturbation (ERSP). Transient thala-

mofrontal neural synchronyandcross-frequency

coupling were both driven by the q phase (2 to

8 Hz) of the activity in intralaminar and medial

nuclei during the emergence of conscious per-

ception. The coupling between these two thala-

mic nuclei and lateral PFC (LPFC) was stronger

than that between these nuclei and other PFC

subregions during conscious perception. Fur-

ther decoding analysis of the stimulus-evoked

activity in the intralaminar and medial nuclei

and LPFC showed that the accuracy was high-

est when decoding conscious perception (con-

scious versus unconscious) compared with

decoding other task-related events (such as

stimulus contrast, rule cues, saccade direction,

and saccade reaction time).

CONCLUSION: We provide direct sEEG evidence

in the human brain that supports the gate role of

the intralaminar and medial nuclei in the rapid

process of conscious perception. More specif-

ically, the intralaminar andmedial nuclei play a

more important role than the ventral nuclei dur-

ing the emergence of conscious perception. The

interaction between the LPFC and intralaminar

and medial nuclei, which originates from the in-

tralaminar andmedial nuclei, may play an essen-

tial role during conscious perception. Moreover,

the stimulus-evoked activity in the thalamofron-

tal loop primarily encodes consciousness-related

informationrather thanother task-relevantevents.

These results support the argument that the intra-

laminar and medial thalamic nuclei play a gate

role to modulate the activity of PFC during the

emergence of conscious perception.▪
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The intralaminar and medial thalamic nuclei (imTha) play a gate role in human conscious perception.

The consciousness-related neural activity in imTha is earlier and stronger than that in ventral nuclei (vTha) and

prefrontal cortex (PFC), and consciousness-related information originally flows from imTha to PFC during the

emergence of human conscious perception.
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Transcription factor networks disproportionately
enrich for heritability of blood cell phenotypes
Jorge Diego Martin-Rufino1,2,3†, Alexis Caulier1,2,3†*, Seayoung Lee3, Nicole Castano1,2,3,

Emily King1,2,3, Samantha Joubran1,2,3, Marcus Jones4, Seth R. Goldman4, Uma P. Arora1,2,3,

Lara Wahlster1,2,3, Eric S. Lander3,5,6, Vijay G. Sankaran1,2,3,7*

Most phenotype-associated genetic variants map to noncoding regulatory regions of the human

genome, but their mechanisms remain elusive in most cases. We developed a highly efficient strategy,

Perturb-multiome, to simultaneously profile chromatin accessibility and gene expression in single

cells with CRISPR-mediated perturbation of master transcription factors (TFs). We examined

the connection between TFs, accessible regions, and gene expression across the genome throughout

hematopoietic differentiation. We discovered that variants within TF-sensitive accessible chromatin

regions in erythroid differentiation, although representing <0.3% of the genome, show a ~100-fold

enrichment for blood cell phenotype heritability, which is substantially higher than that for other

accessible chromatin regions. Our approach facilitates large-scale mechanistic understanding

of phenotype-associated genetic variants by connecting key cis-regulatory elements and their target

genes within gene regulatory networks.

H
uman genetic studies have uncovered

tens of thousands of genetic variants

associated with complex diseases and

phenotypes. With increasingly large

sample sizes, the fraction of heritability

explained is approaching saturation (1–4). How-

ever, genetic mapping fails to identify the

mechanisms by which variants impact pheno-

types, limiting biological understanding and

the development of therapeutic strategies (5).

Base editing can assess the effect of variants

and connect themwith target genes andmole-

cular pathways implicated in human disease.

Although there has been recent progress in

achieving high-throughput base editing (6–10),

systematic analysis of all variants of interest is

not currently feasible.

Another approach leverages the fact that

most trait-associated variants are located in

noncoding regulatory elements of the genome,

where they alter transcription factor (TF) and

related protein binding and thereby regulate

gene expression (11–13). A powerful way to

study the mechanisms influenced by genetic

variation could thus be to modulate TFs and

simultaneously read out the genome-wide

consequences on chromatin accessibility of

cis-regulatory elements and gene expression

(Fig. 1A). To assess many TFs across diverse

cell states involved in physiology and disease

(14, 15), such studies should be performed at

single-cell resolution and in disease-relevant

primary cells (16, 17).

In this study, we developed Perturb-multiome

to achieve this goal and apply it to study

perturbations of key TFs in primary human

hematopoietic stemandprogenitor cells (HSPCs),

which can then be differentiated to produce

mature red and other blood cells. We found

that the regulatory regions in erythroid differ-

entiation whose chromatin accessibility is

sensitive to perturbation of these TFs (i.e., TF-

sensitive regulatory regions) comprise <0.3%

of all regions in the genome but are enriched

by nearly 100-fold for single-nucleotide poly-

morphisms (SNPs) associated with certain

blood cell phenotypes. Our framework can be

applied to human diseases and phenotypes

beyond hematopoiesis to advance the under-

standing of genetic variants and the mech-

anisms underlying inherited risk for complex

diseases.

Results

Pooled TF perturbation screens to uncover

coordinated chromatin accessibility and

RNA alterations

Perturb-multiome applies a library of CRISPR-

based perturbations to a cell population and

recovers three distinct readouts from each

single cell: (i) the identity of the genetic per-

turbation [single-guide RNA (sgRNA)]; (ii)

chromatin accessibility at cis-regulatory elements

[single-cell sequencing assay for transposase-

accessible chromatin (scATAC-seq)]; and (iii)

gene expression [single-cell RNA sequencing

(scRNA-seq)] (Fig. 1, A and B).

To apply Perturb-multiome in primary cells,

we designed themethod to overcome challenges

in gene-editing efficiency and to effectively

identify a specific perturbation. To achieve

high editing efficiency with minimal toxicity,

we delivered pooled sgRNAs through an opti-

mized CRISPRdroplet sequencing (CROP-seq)

vector and electroporated recombinant Cas9

ribonucleoprotein (6, 18) [Fig. 1B; fig. S1, A to

C; andmaterials and methods]. To optimally

identify perturbations, we developed a biotin-

based enrichment strategy (fig. S11, materials

and methods, and supplementary text). We

achieved high specificity by amplifying CROP-

seq transcripts containing the identity of the

perturbation in each single cell by using bio-

tinylated primers,whichwere thenpulleddown

with streptavidin-coated magnetic beads and

further amplified for sequencing.

We applied Perturb-multiome to primary

human HSPCs, which can be differentiated

to faithfully recapitulate hematopoietic dif-

ferentiation in vitro (6, 19, 20). We perturbed 19

TFs, ranging from well-known master hema-

topoietic regulators to others with suggested

roles in hematopoiesis (fig. S3A) (21). For each

TF, we delivered three different sgRNAs target-

ing distinct positions in the coding sequences,

along with six controls [three nontargeting

sgRNAs and three sgRNAs targeting the “safe

harbor locus” adeno-associated virus integra-

tion site 1 (AAVS1) in the genome to account

for potential effects induced in cells by double-

strandedDNAbreaks and repair] (table S1 and

materials and methods). We profiled cells

across four time points. Withmodest sequenc-

ing depth, we detected (i) sgRNA identity in

91.1% of cells (137,604 cells); (ii) an average of

27,774 ATAC fragments and 10,803 distinct

ATAC peaks per cell; and (iii) an average of

15,970RNAmolecules from4,129 distinct genes

per cell (fig. S2, A to H). Across the cell popu-

lation, we detected 230,083 distinct ATAC peaks

and 33,415 expressed transcripts.

We focused on the process of red blood cell

production, or erythropoiesis, because nearly

half of blood cell trait–associated variants have

associations with the erythroid lineage, and

genetic variation explains a substantial por-

tion (between 7.19 and 26.95%) of the heri-

tability of these phenotypes (fig. S8A and

materials andmethods) (1, 2, 13). After a brief

initial stage of multilineage differentiation to

enable some differentiation to non-erythroid

fates, we promoted erythroid differentiation

of HSPCs. Cells were assayed at days 7, 9, 11,

and 14. We recovered a wide range of cell

states, from early common progenitors and

non-erythroid lineages (megakaryocyte, mono-

cyte, dendritic cell, and granulocyte precursors)
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Fig. 1. Perturb-multiome: Pooled CRISPR screens with coupled single-cell

RNA and chromatin accessibility readouts to profile primary human

hematopoiesis. (A) (Top) Simplified representation of a basic gene regulatory

network in which a transcription factor (TF) modulates chromatin accessibility

of a cis-regulatory element (enriched in trait- or disease-associated genetic

variation) and its linked gene. (Bottom) Changes in accessibility and expression

after experimental TF knockout. (B) Schematic of the experimental setup

for pooled TF knockout with multimodal single-cell readouts. Days spanned since

thawing of hematopoietic stem and progenitor cells (HSPCs) are noted at

the bottom. Between days 0 and 4, cells underwent in vitro multilineage

differentiation, after which cells underwent in vitro erythroid differentiation.

GFP, green fluorescent protein. (C) (Top left) Uniform manifold approximation

and projection (UMAP) reduction using RNA measurements collected from

all single cells in the experiment. (Top right) UMAP reduction using chromatin

accessibility measurements collected from all single cells in the experiment.

(Bottom) UMAP reduction using a weighted–nearest neighbor graph (56) to

integrate RNA and chromatin accessibility peak information from the same single

cells. Cell types were annotated using a human bone marrow dataset (22)

(materials and methods). DC, dendritic cells; EoBasoMast Precursor, eosinophil-

easophil-mastocyte precursor; MEP, megakaryocytic-erythroid progenitors;
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to terminal erythroid precursors that closely

mimic cell states present in human bone mar-

row (22) (Fig. 1C; fig. S1, D to J; and materials

and methods).

Perturb-multiome faithfully identified vari-

ous well-characterized gene regulatory mech-

anisms in hematopoiesis. For example, cells

with perturbations in the BCL11A TF, a repres-

sor of fetal hemoglobin and a regulator of the

fetal-to-adult hemoglobin switch (23, 24), dis-

played both increased chromatin accessibility

at the fetal hemoglobin promoters and in-

creased gene expression at the fetal hemoglo-

bin genes (HBG1 and 2), comparedwith controls

(Fig. 1D). Similarly, cells with perturbations in

GATA1 TF showed significantly higher pro-

moter accessibility and gene expression at

GATA2 (Fig. 1E), which is consistent with the

negative feedback loop between GATA1 and

GATA2 (25, 26). These results illustrate the

ability of Perturb-multiome to obtain fine-

grained insights into physiologically relevant

processes directly in primary human cells.

Assessment of perturbation effects and

identification of TF-sensitive accessible

chromatin regions and genes.

As a first step in our analysis, we sought to

characterize (i) the gene-editing efficiency of

each sgRNA and (ii) the perturbation level

actually achieved in individual cells, which can

vary among cells receiving the same sgRNA.

To characterize gene editing efficiency, we

used pooled single-cell genotyping (fig. S3B

and materials and methods) (6). We relied on

genotyping rather than the mRNA level of the

targeted gene, because someCRISPR-Cas9 edits

that disrupt protein-coding regions do not alter

mRNA levels. We analyzed 17,665 single cells

in droplets, performing 55 multiplexed poly-

merase chain reactions (PCRs) in each cell to

estimate editing efficiency. These PCRs corre-

sponded to the human genomic sites targeted

by sgRNAs, as well as 10 regions within the

integrated lentiviral genome to identify the

sgRNA in the cell (Fig. 2A, left, and fig. S3, C

and D).

Given that a simple binary classification of

cells either being perturbed or not has limita-

tions during dynamic processes such as differ-

entiation, we defined “perturbation scores” for

both theATAC andRNAdata by comparing the

chromatin accessibility and gene expression

profiles of the cell with those from nearest-

neighbor control cells, which represent a simi-

lar differentiation state (Fig. 2A, middle and

right; fig. S3F; and materials and methods)

(27). The perturbation scores were well corre-

lated with sgRNA editing efficiency (fig. S3E).

The exceptions included two TFs (GATA2 and

SPI1) for which we achieved strong knock-

down (confirmed by protein levels) but saw

low perturbation scores in erythroid lineages;

these TFs have their strongest effects in non-

erythroid lineages (fig. S3G) (28, 29). The ac-

cessible chromatin regions (ACRs) identified

in Perturb-multiome were similar to the ACRs

characterized in ex vivo bone marrow hema-

topoietic cells (30), suggesting that our find-

ings are representative of gene regulation in

human hematopoietic cells (fig. S3, H and I,

and materials and methods).

We then defined TF-sensitive ACRs and TF-

sensitive genes by using a linear model that

incorporated the perturbation level achieved

in each single cell (materials andmethods). We

found that roughly 21.8% of the ACRs (50,114/

230,083) (table S2) and 26.0% of expressed

genes (8,694/33,415) (table S3) were affected

by at least one TF perturbation (fig. S5, A and

B). Calibration analyses are included in the

supplementary text. TF-sensitive and non–TF-

sensitive ACRs were similarly distributed across

genomic features and the genome (figs. S4B

and S8B). Of these TF-sensitive results, 32%

of ACRs and 22% of genes responded to only

a single TF perturbation (fig. S4, C, D, and F).

To assess data robustness, we examined an

independent biological replicate (usingHSPCs

from a different donor and sgRNAs targeting

different locations in the coding sequences of

each TF, for a subset of eight TFs) and found

that the results were highly correlated, both

qualitatively and quantitatively, with average

correlation of >0.9 for TFs targeted in both rep-

licates (Fig. 2, B and C, and fig. S4A). GATA1-

sensitive genes and ACRs were in agreement

with independent GATA1 loss-of-function data-

sets (31, 32) (fig. S7, C and D). In summary, a

continuous perturbation score was used to

identify TF-sensitive genes and ACRs in the

heterogeneous cell populations that we stud-

ied (supplementary text).

Properties of TF-sensitive ACRs and genes

Having used Perturb-multiome to separately

analyze changes in chromatin accessibility and

gene expression, we next examined the corre-

lation between these features in single cells

carrying a given sgRNA to define ACR-gene

linkages (Fig. 3A and materials and methods).

If an ACR regulates a gene and TF perturba-

tion modulates the ACR’s accessibility, the

regulated gene will change its expression. To

assess ACR-gene linkages, for each cell we

defined two scores: (i) the average expres-

sion of the TF-sensitive genes for a given TF

and (ii) the average expression of the genes

correlated with TF-sensitive ACRs.We found

strong concordance between these scores

(Fig. 2D; fig. S5, C and D; and materials and

methods).

First, we examined the effect of TF perturba-

tion on ACR-gene pairs lying within 50 kb of

one another. For pairs in which the ACR and

the gene were both TF-sensitive (hereafter TF-

sensitive ACR-gene pairs), the correlation (at

the single-cell level) was higher; this result was

seen at all six erythroid TFs for which there

was a substantial number of such pairs (fig.

S6, A and B, and fig. S7, A and B). For example,

pairs in which the ACR and gene were both

GATA1-sensitive had higher correlations across

single cells (Fig. 3B, top). We found that TF-

sensitive pairs were 10.34 times more likely

among pairs in which the gene responded to

enhancer perturbation [by CRISPR interfer-

ence (CRISPRi)] than among pairs where the

gene did not show a response [odds ratio (OR)

10.34, P < 0.001, Fisher’s exact test] (Fig. 3B,

bottom, andmaterials andmethods) (33). This

suggests the possibility of using ACR-gene pair

TF sensitivity in correlated pairs to recon-

struct gene regulatory networks on a genome-

wide scale.

Second, we consideredACR-gene pairs within

2 Mb that showed coordinated changes and

examined their three-dimensional proximity,

based onHi-C data fromhumanHSPCs (mate-

rials and methods) (34). We found that signif-

icant TF-sensitive ACR-gene pairs had higher

odds of being found within topologically asso-

ciated domains (TADs) in HSPCs (OR 1.53, P <

0.001) (Fig. 3C).

Third, we observed that TF-sensitive genes

exhibited lower RNA polymerase II pausing

compared with non–TF-sensitive genes with

similar expression levels (fig. S4E and mate-

rials and methods) (35).

Fourth, we examined whether TF-sensitive

ACRs occurred near binding sites for the per-

turbed TF. We analyzed published chromatin

immunoprecipitation sequencing (ChIP-seq)

datasets for two of our TFs, GATA1 and NFE2,

in primary human proerythroblasts (mate-

rials and methods) (36). We found that TF-

sensitive ACRs in the regions surrounding

GATA1 and NFE2 ChIP-seq peaks showed

Meg, megakaryocytes; BFU-E, burst-forming unit – erythroid; CFU-E, colony-

forming unit – erythroid. (D) (Left) Normalized Tn5 insertion frequency in

BCL11A perturbed cells (perturbation score > 2; see materials and methods) and

control AAVS1 cells. Chromatin accessibility peaks are denoted below and were

called using all cells in the experiment. (Right) HBG2 gene expression levels in

BCL11A-perturbed cells and AAVS1 control cells. *** represents an adjusted

P value < 0.001 using a Wilcoxon rank sum test. (E) (Left) Normalized Tn5

insertion frequency in GATA1 perturbed cells (perturbation score > 2; see

materials and methods) and control AAVS1 cells. Chromatin accessibility peaks

are denoted below and were called using all cells in the experiment. (Right)

GATA2 gene expression levels in GATA1 perturbed cells and AAVS1 control cells.

*** represents an adjusted P value < 0.001 using a Wilcoxon rank sum test.
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Fig. 2. Widespread gene expression and chromatin accessibility changes

in response to transcription factor perturbations. (A) (Left column) Percent

of edited cells from pooled single-cell genotyping experiments for each sgRNA

(fig. S3, B to D, and materials and methods). Amplicons with missing data (not

covered by single-cell multiplexed PCR) and nontargeting (NT) guides are shown in

gray. (Middle column) Per-guide perturbation score distribution computed on

single-cell RNA counts. (Right column) Per-guide perturbation score distribution

computed on single-cell chromatin accessibility peak counts. Each sgRNA is

ordered along the color gradient based on the median perturbation score across

all cells with that guide, for the RNA or chromatin accessibility modalities.

(B) Scatter plot of the Z-scored log2FC (FC, fold change) for RNA gene

expression levels (shown are statistically significant genes after multiple

hypothesis testing correction) between cells with one of the GFI1B-targeting

sgRNAs and AAVS1-targeting control sgRNAs from two independent pooled TF

Perturb-multiome screens in two different HSPC donors. The Spearman

correlation coefficient r is shown, as well as a regression line with confidence

intervals. (C) Scatter plot of the Z-scored log2FC for ATAC peak counts (shown

are statistically significant genes after multiple hypothesis testing correction)

between cells with one of the GFI1B-targeting sgRNAs and AAVS1-targeting

control sgRNAs for two independent pooled TF Perturb-multiome screens in
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two different HSPC donors. The Spearman correlation coefficient r is shown,

as well as a regression line with confidence intervals. (D) Scatter plot of

the single-cell Z-scored RNA module score computed using GFI1B-sensitive

genes [defined as in (B)] and the single-cell Z-score RNA module score

computed using genes correlated with GFI1B-sensitive ACRs [defined as

in (C); see materials and methods], for cells with a Z-scored perturbation

score >1. The Spearman correlation coefficient r is shown, as well as a

regression line with confidence intervals.
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Fig. 3. Genome-wide characterization of TF-sensitive elements. (A) Simplified

representation of the metrics analyzed in this figure for a basic TF-cis-regulatory

element–target gene regulatory network. (B) (Top) Scatter plots of the ACR

and gene –log10(P value) for GATA1-targeting sgRNAs, respectively, for all possible

ACR-gene pairs within 50 kb of each other. Dots are colored by the ACR-gene

correlation coefficient computed in cells with control NT sgRNAs (materials and

methods). The vertical and horizontal dashed lines represent the P value cutoffs for

TF sensitivity of ACRs and genes, respectively. (Bottom) OR with 95% confidence

interval of a TF-sensitive ACR-gene pair to be found in CRISPRi-validated ACR-

gene links (materials and methods). (C) Odds of ACR-gene pairs being found within

RESEARCH | RESEARCH ARTICLES

56 4 APRIL 2025 • VOL 388 ISSUE 6742 science.org SCIENCE



stronger significance levels [i.e., higher –log10(P

values)] (Fig. 3D and fig. S7, E and F).

We then focused on one of the ACR-gene

pairs with the highest TF sensitivity upon

GATA1 perturbation. This pair, located at 5q35.2,

involves the CPEB4 gene and an ACR 25 kb

upstream of the gene’s transcription start site

and lies within a TAD in HSPCs. Cpeb4 plays a

role in mouse erythropoiesis but has not been

studied in humans (37). The ACR has two var-

iants in strong linkage disequilibrium with

each other that are associated with multiple

red blood cell traits (1, 2). We found that the

most significant TF-sensitive ACRs within the

TADwere strongly correlatedwithGATA1 ChIP-

seqpeaks (Fig. 3E) (2). Besides havinghigh gene-

ACR correlation, independently, CPEB4 and

the ACR each also had the most significant

changes in response to GATA1 perturbation

within the TAD (Fig. 3F). These observations

suggest that GATA1 binds at the ACR to mod-

ulate CPEB4 expression.

To test this hypothesis, we used CRISPR-

Cas9 to delete the ACR in primary cells. The

deletion resulted in decreased CPEB4 expres-

sion during erythroid differentiation (Fig. 3G

and fig. S7G). Furthermore, perturbation of

CPEB4—and to a lesser extent, deletion of the

regulatory element—resulted in impaired ter-

minal erythroid differentiation, which is con-

sistentwith the variant associationswithin the

ACR with multiple erythroid traits and prior

studies on the role of Cpeb4 in mouse eryth-

ropoiesis (Fig. 3H) (37). We next examined

the effect of editing one of the variants with

base editor TadCBE (38) (materials and meth-

ods). This single-nucleotide change reduced the

expression of CPEB4 in primary erythroblasts

(Fig. 3I). Together, these results illustrate how

coupling readouts of TF perturbation, gene

expression, and chromatin accessibility in the

same single cells can identify TF-sensitive ACR-

gene pairswith important roles in human eryth-

ropoiesis and can help systematically pinpoint

associations between phenotypes and variants

discovered by genome-wide association stud-

ies (GWASs).

TF-sensitive cis-regulatory elements are

massively enriched in the heritability of blood

cell phenotypes

Encouraged by the CPEB4 example, we sought

to examine more broadly how TF-sensitive reg-

ulatory regions were related to naturally occur-

ring genetic variation underlying blood cell

phenotypes and diseases. We began by noting

that TF-sensitive ACRs are under greater con-

straint (lower rate of genetic variation) (39)

compared with the nonaccessible genome

(Fig. 4A and materials and methods). Further-

more, for several TFs, the average constraint

for TF-sensitive ACRs was higher than for

non–TF-sensitive ACRs. This suggested that

the TF-sensitive ACRsmay play key, conserved

functional roles in hematopoiesis.

We explored whether genetic variants asso-

ciated with blood cell phenotypes were en-

riched in the TF-sensitive ACRs by examining

how credible sets for each trait overlapped

with TF-sensitive ACRs, non–TF-sensitive ACRs,

and random genomic regions. We found that,

averaged across traits, the proportion of regions

that contained a variant in a credible set for

a trait was much higher for TF-sensitive ACRs

(50.59%) than fornon–TF-sensitiveACRs (39.25%)

and random genomic regions (22%) (Fig. 4B).

When we examined the results for individual

TFs and traits, we found striking differences.

The highest proportion was 65.75% for TF-

sensitive ACRs containing variants in credible

sets for basophil number (Fig. 4B, figs. S8F

and S9, and materials and methods).

For each of the blood cell traits, we also ex-

amined the proportion of heritability explained

by SNPs in various regions, using partitioned

linkage disequilibrium score regression (LDSC)

(materials and methods). We examined four

types of ACRs: (i) TF-sensitive ACRs active

during erythroid differentiation, (ii) all TF-

sensitive ACRs, (iii) all ACRs active during

erythroid differentiation, and (iv) all ACRs ob-

served in both erythroid andnon-erythroid cells

(materials andmethods and fig. S8C). Although

TF-sensitive ACRs active during erythroid dif-

ferentiation comprise <0.3% of the genome,

heritability in these regions showed ~100-fold

enrichment for several traits—that is, 22.25%

of the heritability for erythroid traits lies in this

small proportion of the genome (Fig. 4, C and

D). By contrast, the ACRs active during ery-

throid differentiation and all TF-sensitive ACRs

showed lower enrichment (up to ~46-fold and

~26-fold enrichment for certain traits, respec-

tively) (Fig. 4, C and D). We observed similar

trends for posterior probability distributions

of fine-mapped variants (fig. S10). The set of

all ACRs comprises much more of the ge-

nome (7.24%) and explains more of the heri-

tability (~79%), but the enrichment is much

lower (~11-fold) (Fig. 4, C and D). Notably, the

TF-sensitive ACRs active during erythroid dif-

ferentiationwere also significantly enriched in

TF binding motifs compared with all ACRs ac-

tive during erythroid differentiation (fig. S8, D

and E). Furthermore, we observed that credi-

ble sets of GWAS variants that lie within the

TF-sensitive regions showed clear patterns of

cell type–specific enrichments for their respec-

tive traits, unlike other variants (Fig. 4E and

materials and methods). These results suggest

a critical role for TF-sensitive ACRs and the as-

sociated variants lying within them in explain-

ing the heritability of blood cell phenotypes.

HSPC topologically-associated domains (TADs) (34), as a function of genomic

distance and TF-sensitivity status. The odds for TF-sensitive ACR-gene pairs are

shown in red. The odds for randomly sampled expression and accessibility matched

control ACR-gene pairs (each non–TF-sensitive, each selected among a distribution

of nonsensitive elements with similar expression and accessibility levels to their

TF-sensitive counterparts) are shown in blue. Each genomic distance bin has

the same number of pairs as the TF-sensitive pair, and sampling was repeated

100 times to build a distribution for each genomic bin (34) (materials and methods).

The bars represent 1 SD. (D) (Top) Profile plot of independent GATA1 ChIP-seq

enrichment surrounding called ChIP-seq peaks from day 12 erythroid progenitors

(36). (Middle) Heatmap plot for GATA1 ChIP-seq reads surrounding GATA1

peaks. (Bottom) Profile plot of Perturb-multiome P values for the log2FC

of accessibility for ACRs in cells with GATA1-targeting sgRNAs compared with

control centered on GATA1 ChIP-seq peaks as defined in the top panel.

(E) Analysis of Perturb-multiome differential accessibility results within an HSPC

TAD in hg19 coordinates. Shown are the Perturb-multiome –log10(P values) for

the log2FC of accessibility for ACRs in cells with GATA1-targeting sgRNAs

compared with control, GATA1 ChIP-seq signal (36), gene annotations highlighting

the GATA1-sensitive CPEB4 gene, and chromosome loops from Hi-C data (34). TADs

are shown in yellow and loop anchors in black (materials and methods). The

TF-sensitive ACR with the most significant change compared with control (discussed

in Fig. 3F) is highlighted with an arrow. (F) (Top) Locus zoom plot in hg19

coordinates showcasing –log10(P values) for variants associated with mean

corpuscular volume (MCV) (2). The color scale represents the squared

correlation (r2) between rs875741 and other neighboring alleles. (Middle and

bottom) Normalized (norm.) ATAC signal in cells with AAVS1-targeting and

GATA1-targeting cells, respectively. The TF-sensitive ACR with the most significant

change compared with control is highlighted with an arrow. The Spearman’s rank

correlation coefficient (r = 0.24) between this ACR and CPEB4 is shown, as well

as the mean CPEB4 expression relative to control. (G) Bar plots of the relative

CPEB4 expression for HSPCs edited with a control dual cut in the AAVS1 locus, a

deletion of the putative CPEB4 enhancer on chromosome 5, or a CPEB4 knockout

(KO), and subsequently differentiated into the erythroid lineage. Data for day 14

of erythroid differentiation, for two distinct HSPC donors (deletion efficiencies for

this experiment are shown in fig. S7G). (H) Cumulative expansion fold for HSPCs

edited with a control dual cut in the AAVS1 locus, a deletion of the putative CPEB4

enhancer on chromosome 5, or a CPEB4 knockout, and subsequently differentiated

into the erythroid lineage. (I) (Left) Bar plots of the relative CPEB4 expression

for HSPCs edited with the TadCBE cytosine base editor precomplexed with AAVS1-

targeting control sgRNAs or two different sgRNAs targeting rs875742. Data for day

14 of erythroid differentiation, for two distinct HSPC donors. (Right) Gene editing

efficiencies for one of the donors shown in the left panel.
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Fig. 4. Characterization of genetic variation within TF-sensitive cis-regulatory

elements. (A) Cumulative distribution of the genomic noncoding constraint of

haploinsufficient variation score (39), colored by functional category. Each blue line

represents all TF-sensitive ACRs for a given TF. (B) Bar plots for the percentage

of 95% credible sets overlapping TF-sensitive ACRs, for each blood cell trait. Error

bars represent the standard deviation of 100 sampling events of non-TF-sensitive

accessible ACRs (“Non–TF-sensitive”) or of any genomic region (“Random genomic

DNA”) (materials and methods). (C) (Top) Area-proportional Venn diagrams

representing the number of total ACRs. (Middle) Percentage of SNPs in the genome

that overlap ACRs for mean corpuscular hemoglobin concentration (MCHC).

(Bottom) Percentage of heritability explained by SNPs overlapping ACRs. (D) Bar

plots of the enrichment (proportion of heritability divided by the proportion of SNPs)

for the four functional categories defined in (C), as well as non–TF-sensitive ACRs.

Traits are colored by the respective associated lineage. (E) Heatmaps of the trait

relevant score (TRS) (materials and methods) for variants belonging to credible sets

overlapping TF-sensitive ACRs (left) and not overlapping TF-sensitive ACRs (right).

Similar enrichments were observed using only variants from the 95% credible

sets directly overlapping with the aforementioned elements (data not shown).

Blood cell traits indicated in the figure are as follows: BAS, basophil count; EOS,

eosinophil count; HCT, hematocrit; HGB, hemoglobin; LYM, lymphocyte count; MCH,

mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;

MCV, mean corpuscular volume; MON, monocyte count; NEU, neutrophil count;

PLT, platelet count; RBC, red blood cell count; RDW, red cell distribution width;

WBC, white blood cell counts. BAS, EOS, MON, NEU, and WBC are non-erythroid

myeloid traits; LYM is a lymphoid trait; PLT is a megakaryocytic trait; and HCT, HGB,

MCH, MCHC, MCV, RBC, and RDW are erythroid traits.
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Collectively, we found that ACRs that change

in response to TF perturbation are dispropor-

tionately enriched for phenotype-relevant ge-

netic variation. More broadly, if this is true for

other complex diseases and phenotypes, it sug-

gests that systematic mapping of TF-mediated

gene regulatory networks could accelerate

variant-to-function mapping.

Discussion

Understanding the molecular and functional

consequences of noncoding variation is essen-

tial to dissect the mechanisms underlying com-

plex diseases and phenotypes. These insights

have proven key for the development of new

diagnostic and therapeutic interventions, as

recently achieved in the hemoglobin disorders

by emerging gene therapies (11, 20, 36, 37, 39).

Scalable approaches to functionalize regula-

tory elements and link them to large sets of

candidate phenotype-associated genetic varia-

tion are critical for making progress toward

these goals, especially in human tissues with

complex mixtures of cells.

Analysis of genome-wide TF-sensitive regions

after perturbation of 19 TFs identified a tiny

subset of the genome (<0.3%) highly enriched

in heritability for blood cell phenotypes, rela-

tive to hematopoietic- or erythroid-specific ac-

cessible chromatin. Notably, these regions

overlapped an average of 51% of credible sets

for blood cell traits (ranging from 41.31 to

65.75%) and had up to a 100-fold heritability

enrichment for certain cell traits. In the future,

expanding perturbations tomore TFswill like-

ly uncover additional enrichments for genetic

variation.

Several of the TFs studied are master reg-

ulators of hematopoietic differentiation, and

their perturbation results in developmental

blocks (40–43). We nonetheless obtained fine-

grained observations of the effects of TFs at

each stage by using analytical approaches that

weigh comparisons by the perturbation scores

of each single cell with respect to nearest-

neighbor control cells, thereby leveraging the

asynchronous nature of hematopoietic differ-

entiation and overcoming the variable effi-

ciencies and effects of perturbations.

The TF perturbation approach is modular

and compatible with alternative strategies to

modulate gene expression (44, 45). Endogenous

tagging of TFs with degrons or related ap-

proaches could explore the immediate conse-

quences of TF degradation (46–49). However,

this strategy is not currently applicable to large

numbers of regulators and in HSPCs isolated

fromhumandonors (50). Althoughwe focused

on single perturbations per cell, future efforts

usingmultiplexed perturbations could be used

to discern the combinatorial logic of TF regu-

latory control (51, 52). While this work was

under review, additional studies reported dis-

tinct but related approaches to performing

pooled perturbations withmultiomic readouts

in cell lines (53, 54), illuminating the broad

potential for these types of approaches and

the possibility to expand themwith additional

genome perturbation tools.

We focused on the study of TF-sensitive re-

gions and likely causal variants, which allowed

us to study a larger fraction of phenotype-

relevant variation beyond those that directly

disrupt TF-binding motifs (13). These regions

will be excellent candidates for saturation

mutagenesis to identify functional base pairs

and pinpoint causal variants. In addition, TF-

sensitive networks are likely to harbor addi-

tional genes and associated regulatory elements

with still-to-be-characterized critical hemato-

poietic functions.

We envision that the identification of TF-

sensitive gene regulatory networks through

perturbation approaches will help in prioritiz-

ing and understanding themechanisms under-

lying a wide range of human diseases and

phenotypes across many tissues and organs.
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NEURODEVELOPMENT

Ectoderm barcoding reveals neural and
cochlear compartmentalization
Sandra de Haan1,2,3†, Jingyan He1†, Agustin A. Corbat1, Lenka Belicova1, Michael Ratz1, Elin Vinsland4,
Jonas Frisén1, Matthew W. Kelley2, Emma R. Andersson1*

Placodes and the neural crest are defining features of vertebrates. In this study, we investigate their

lineages in mice using in utero approaches. We demonstrated that nanoinjection at embryonic day 7.5

targeted the ectoderm, including the future nervous system, placodes, and neural crest, allowing

highly efficient manipulation of the future nervous system and inner ear. By using heritable DNA

barcodes and high-throughput next-generation single-cell lineage tracing, we elucidated convergent

differentiation pathways and identified distinct nervous system–, neural crest–, and otic placode–derived

lineages. Clonal analyses identified early neural and cochlear compartmentalization, linking differentiated cell

types to their progenitors or cellular siblings. This provides foundational insights for neuroscience

and developmental biology.

T
he primary senses of touch, taste, sight,

smell, and hearing allow us to interpret

our world and communicate with one

another. These senses develop from plac-

odes and neural crest cells, pivotal ver-

tebrate innovations that have enabled the

complexity and diversity of vertebrate struc-

tures (1). Both are transient embryonic stem cell

populations, wherein placodes are ectodermal

thickenings that give rise to essential sensory

organs, and neural crest cells are multipotent

stem cells that contribute to a wide array of

tissues including sensory organs. Understand-

ing the lineages and differentiation of ecto-

derm, placodes, and neural crest cells could

shed light on vertebrate evolution, inform

regenerative medicine, and offer insights into

the mechanisms underlying tissue develop-

ment and repair. However, manipulation and

study of such placodes and the neural crest in

mammalian embryos has been hindered by

their poor accessibility.

The mammalian cochlea is a sensory organ

containing amosaic of specialized sensory cells,

the organ of Corti, whichmediates hearing. The

cochlea is derived from the neural crest and

the otic placode, an ectodermal thickening that

invaginates to form the otocyst (2, 3). Loss of

cochlear hair cells or associated supporting

cells causes permanent hearing loss or deafness

(4, 5). Understanding cochlear development

could guide regenerative efforts by identify-

ing target cells for proliferation or transdiffer-

entiation to restore hearing (6). Despite decades

of research on cochlear cell type specification

and extensive single-cell transcriptional profil-

ing (7–10), definitive lineage tracing and map-

ping of relationships between individual cochlear

cell types is limited (11, 12) and can be con-

founded by convergent differentiation of sim-

ilar cells such as inner andouter hair cells (13–16).

In utero barcode lineage tracing of ectoderm

To address these challenges and exhaustively

lineage trace different stem cell compartments,

we adapted neural plate targeting with in utero

nanoinjection [NEPTUNE (17, 18)] to map ec-

toderm, otic placode, and neural crest with next-

generation single-cell lineage tracing (19–21).

We injected a tdTomato-30N barcode lenti-

viral library into the mouse amniotic cavity at

embryonic day 7.5 (E7.5) and collected whole

embryos for single-cell RNA sequencing (scRNA-

seq) at E9.5 and E10.5. The lentivirus inte-

grates into the genome and each progenitor is

thus labeled with a fluorophore and unique

barcode that are inherited and expressed by

daughter cells. scRNA-seq of tdTomato
+
cells

enables simultaneous cell profiling, cell type

assignment, and reconstruction of clonal re-

lationships based on shared barcodes (22–29)

(Fig. 1A).

We obtained 63,687 neural and epithelial

cells in 31 clusters, which could be assigned

to 4963multicellular clones comprising 14,461

cells (Fig. 1, B and C). The dataset encompassed

neural cell types from forebrain lineages to

spinal cord domains (Fig. 1B, fig. S1, and tables

S1 and S2). The most prevalent “single-cell–

type” clones were composed of midbrain pro-

genitors (346 clones, 954 cells; Fig. 1D and fig.

S2A) andmigrating neural crest cells (250 clones,

618 cells; Fig. 1Dand fig. S2A). Themost common

“multiple-cell–type” clones comprised midbrain

progenitor cells and the midbrain excitatory

neuronal lineage (286 clones, 1005 cells; Fig. 1E

and fig. S2A) or different hindbrain progenitors

(166 clones, 439 cells; Fig. 1E and fig. S2A). To

summarize the co-occurrence of cell-type pairs

within clones, we calculated the frequencies of

intersections between two cell types (Fig. 1F).

Hindbrain populations contributed roughly

half of retrieved clones andwere strongly linked

to one another, whereasmidbrain and forebrain

populations similarly displayed extensive inter-

nal linking (Fig. 1F and fig. S2A).

To correct for population size differences,

we calculated clonal coupling scores for each

cell type pair defined as the observed versus

expected random sharing of barcodes (14, 30).

The clonal coupling z-score represents the de-

viation from random distribution in number

of standard deviations. Positive values indicate

higher-than-expected clone sharing, and nega-

tive values indicate lower-than-expected clone

sharing (fig. S2B). The correlation between

clonal coupling scores identified segregated

forebrain, midbrain, hindbrain, and spinal cord

lineages with coupling of progenitors and their

putative fated mature cell types within each

branch (Fig. 1G and table S3). Epithelial cells

and neural crest cells occupied a separate branch

of the tree together with three neural pop-

ulations, including preoptic area progenitors

and dorsal midbrain and hindbrain progen-

itor populations, which arise from anterior or

lateral neural plate populations, respectively.

These cells thus appear to arise from compe-

tence domains that are highly self-restricted

already at E7.5 and that are more closely de-

velopmentally related to epithelia than to

other brain regions.

In utero transduction labeled the otic vesicle

(Fig. 2A), and subsetting and subclustering

of 3161 Epcam
+
epithelial cells (Fig. 1B) revealed

a Tbx2
+
Oc90

+
Lmx1a

+
Sox10

+
Fbxo2

+
population

of presumptive otic placode or otic vesicle cells

(178 cells; Fig. 2, B and C). Otic clones were rare

and were predominantly otic-only clones (four

clones; Fig. 2D), suggesting that the region

fated to become otic placode is relatively self-

restricted already at E7.5.

These results show that E7.5 in utero in-

jection can target ectoderm contributing to

neural plate, neural crest, and epithelial cells,

including the otic placode. Barcode lineage

tracing from E7.5 demonstrates compartmen-

talization of the fore-, mid-, and hindbrain and

segregation of neural plate edge progenitors.

To resolve otic and neural crest fates in the

mature cochlea, we therefore next aimed to

lineage trace the differentiated cochlea.

Cochlear targeting by E7.5 in utero injection
of the mouse amniotic cavity

Otocyst formation occurs between E7.0 and

E9.0 in mice (Fig. 3A) (31–33). The otic placode

and neural crest are exposed to amniotic fluid

and are targetable with in utero injection (Figs.

1 and 2), which should allow for labeling of their

potential derivatives in the postnatal cochlea

(Fig. 3, B to D). We injected lentivirus encoding

fluorophores into the amniotic cavity at diferent
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stages and assessed labeling efficiency. Skin la-

beling served as a proxy for successful injections.

For injections at E7.35 to E8.0, all mice with

green fluorescent protein–positive (GFP
+
) skin

had GFP
+
cochleae (Fig. 3E). For injections be-

tween E8 and E8.5, 80% of skin-GFP
+
mice had

GFP
+
cochlea (Fig. 3E), and after E8.5, only 70%

of mice had GFP
+
cochleae, suggesting that the

otic placode becomes less accessible for tar-

geting from E8.0 onwards (Fig. 3E). High-titer

lentivirus [1 × 10
10

to 2 × 10
10
infectious units

(ifu)/mL] injected between E7.35 and E7.5 re-

sulted inup to 93% targeting of hair cells (88.3 ±

3.7,mean± SD; Fig. 3, F andG), andmosaic hair

cell targeting was achieved with lower-titer len-

tivirus or with later–time point injections (Fig.

3, F andH). Supporting cells were targeted in a

similar fashion (fig. S3).

We assessed cell type targeting usingmosaic

tdTomato–nuclear localization signal transduc-

tion (Fig. 3, I to Q). All expected cell types were

labeled, including hair cells and supporting cells,

such as inner and outer pillar cells, Deiters’ cells,

and inner phalangeal cells, whereas the tym-

panic border cells of the basilarmembranewere

negative (Fig. 3, I to K). Neurons and glia were

also targeted (Fig. 3L). Furthermore, in utero

Fig. 1. Next-generation

single-cell lineage tracing

of mouse ectoderm with in

utero barcode delivery

resolves clonal coupling

by neural compartment.

(A) Workflow of in vivo bar-

code labeling of ectoderm by

injection of a diverse barcode

lentiviral library into the

amniotic cavity at E7.5.

Each targeted progenitor

expresses a barcode coupled

to tdTomato expression,

which is inherited by daughter

cells. Whole E9.5 and E10.5

embryos were collected and

dissociated, and cells were

sorted for tdTomato, followed

by scRNA-seq with 10x

Genomics to enable transcrip-

tomic profiling and clonal

retrieval to determine clonal

relationships across ectoderm

derivatives. (B and C) Uniform

manifold projection (UMAP)

of sorted and sequenced tar-

geted neural and epithelial cells

(B) with projected tdTomato

RNA, identified barcodes

assigned to CloneIDs, and

identification of multicellular

clones (C). (D) Examples

of the most prevalent “private”

clones, multicellular clones

that contain only one cell type.

(E) Examples of the most

prevalent clones containing

two or more cell types.

(F) Circos plot depicting

co-occurrences of cell pairs

for all clones. Line thickness is

proportional to the number of

pairs. Populations with fewer

than five clones total were

excluded from analyses.

(G) Hierarchically ordered

heatmap of clonal coupling

correlation scores. MB,

midbrain; exc., excitatory; lin.,

lineage; HB, hindbrain.
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transduction labeled Reissner’s membrane epi-

thelial cells and interdental cells but did not

label spiral limbus cells derived from periotic

mesenchyme (Fig. 3,M andN). Stria vascularis

(SV) cells were positively labeled (Fig. 3O), as

were root cells (Fig. 3P), but lateral wall (LW)

mesenchymal cells were negative (Fig. 3P).

Themodiolus, amesoderm-derived spongy bone

structure containing spiral ganglion neurons,

was negative (Fig. 3Q). Collectively, these data

confirm that the otic placode and neural crest

can be targeted with in utero injections into

the amniotic cavity, presenting a valuable tool

for investigation of their derivatives.

In utero barcode lineage tracing

of the cochlea

To lineage trace otic placode and neural crest

derivatives in the differentiated cochlea, we

injected the tdTomato-30N barcode lentiviral

library into the amniotic cavity at E7.5 and col-

lected cochleae for analysis after birth, when

differentiated cochlear cell types can be re-

solved with scRNA-seq (7) (Fig. 4A). Cochleae

from eight pups were collected, dissociated

into single cells, and processed for scRNA-seq,

yielding 15,461 cells in 24 cell types or clusters,

including hair cells and supporting cells of the

organ of Corti, interdental cells, inner sulcus,

Kölliker’s organ, outer sulcus, Hensen’s cells,

SV cells, root cells, and Reisner’s membrane

epithelial cells. In addition, we recovered all

subtypes of spiral ganglion neurons, periotic

mesenchyme, various myelinating Schwann

glia populations, satellite glia, and macro-

phages (Fig. 4B, fig S4, and table S4). Eighty-

six percent (86.2%) of cells expressed tdTomato,

spanning all cell populations, except periotic

mesenchymal cells (Fig. 4C).

Clonal analysis across embryonic origins

To benchmark the clonal analyses, we assessed

clonal architecture of cellswithknownembryonic

Fig. 2. Otic placode targeting with in utero transduction at E7.5. (A) Representative section of E9.5 whole embryo, transduced with histone 2B (H2B)–GFP

lentivirus (LV) at E7.5 by in utero amniotic cavity (AC) injection (inj.). The boxed region, magnified, shows transduction of the otic vesicle. Scalebars, 100 (top)

and 30 (bottom) mm. (B) The three epithelial clusters (clusters 13, 26, and 30) were subset and subclustered. To the right, Epcam amounts are shown in the subset.

(C) Otic markers in the epithelial subset. The otic lineage subcluster is shown in red. (D) Circos plot depicting co-occurrences of cell pairs for all clones. Line thickness

is proportional to the number of pairs. The otic population and clones are shown in the magnified portion of the circos plot.
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Fig. 3. Otic and neural crest derivatives in the inner ear are efficiently

targeted with in utero nanoinjection at E7.5. (A) Otocyst formation begins

with otic placode specification and subsequent thickening at the 5-7 somite

stage (ss; corresponding to E7.5 to E8.75 depending on mouse strain, shown in

pale orange), followed by otic vesicle invagination and internalization. In parallel,

the neural crest (pale blue) delaminates from the dorsal neural tube and

contributes to the developing spiral ganglion and cochlear LW. (B) Populations

that should be accessible to H2B-GFP or H2B-tdTomato lentivirus injections

at E7.5 (shades of green). (C) Schematic cross section of a mature cochlear

duct, including the organ of Corti. (D) Expected embryonic origin of cell types in

the cochlear duct. (E) Otic placode targeting efficiency, defined as the

percentage of mice with GFP+ cochlea or GFP+ skin. n = number of mice

analyzed in brackets under each stage. (F) Hair cell targeting efficiency for high

and medium titer viruses, defined as percentage of GFP+ hair cells per total

hair cells. Each datapoint represents one transduced embryo or collected mice.

(G and H) Representative examples of high-efficiency hair cell targeting after

injection of high-titer virus (207 nl of 1.8 × 1010 ifu/mL at E7.5) (G) and mosaic

targeting after injection of medium-high–titer virus (276 nl of 7.8 × 109 ifu/mL

at E8.5) (H) in wholemount immunofluorescence (GFP, green) for hair cells

(MYO6, magenta) at E18.5. (I and J) Optical slices from confocal stacks of
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origins (2). Cells derived from otic ectoderm,

including lateral Kölliker’s organ or Hensen’s

cells, displayed similar clonal architecture, en-

compassing cochlear floor populations, such

as hair cells and supporting cells (Fig. 4D and

fig S5). By contrast, Reissner’s membrane epi-

thelial cells, otic placode cochlear roof cells,

contributed to clones containing adjacent lateral

SVmarginal cells (Fig. 4D). Neural crest–derived

SV intermediate cells shared clones with glia,

as expected (Fig. 4D).

We grouped cell types into groups on the

basis of their reported embryonic origin and

anatomical location. Most clones were shared

exclusively between cells within these groups

(fig. S6). Because macrophages can engulf and

clear away cells, clone sharing with macro-

phages might not reflect a shared embryonic

origin. Resolving such barcode sharing might

instead reveal macrophage activity in cochlear

remodeling, but too few macrophages were

recovered to draw definitive conclusions, and

such studies are outside the scope of the present

work. Glial and otic cell types, which are not

expected to share a progenitor using this line-

age tracing approach, were found together in

16 clones (<1.7% of clones) containing a total of

128 glia cells and 178 otic cells out of a total of

4535 and 9643 cells, respectively, suggesting

low error and/or contamination rate (<2.2%).

This contamination was likely driven by glia–

spiral ganglion neuron contamination, a com-

mon issue with inner ear scRNA-seq data due

to these cells’ proximity (34–37). Neuronal-glial

clone sharing was restricted to neuronal cells

with glial gene expression (MbpandMpz),which

represents either a neuronal subtype or is a

result of glial contamination (fig. S7). These

data corroborate that in utero barcode lineage

tracing accurately reports shared embryonic

origins with high resolution and low contam-

ination rates.

We next systematically assessed clonal com-

position (Fig. 4, E and F). Of the 945 multi-

cellular clones, 765 encompassed different cell

types (shared clones, 8279 cells), whereas 180

were composed of a single cell type (private

clones, 547 cells). Clones were shared between

different glial cell fates; different organ of Corti

cell types, organ of Corti and medial cochlear

floor cell fates; and betweenmedial and lateral

populations within the organ of Corti. There

were no clones with both SV marginal and in-

termediate cells. Hensen’s cells shared clones

with both cells of the organ of Corti and lateral

populations, including outer sulcus cells. Root

cells, a rare and relatively understudied pop-

ulation of cells, had a similar sharing pattern

to Hensen’s cells. The most frequent cell pair-

ings encompassed different glial populations

or Kölliker’s organ populations with inter-

dental and inner sulcus cells, reflecting their

proliferation and abundance in the dataset.

The existence of clones containing various cell

types of the organ of Corti, including medial

and lateral cell populations, demonstrates that

the progenitors at the time of labeling were

multipotent and had the capacity to differen-

tiate into any of the cell types present in the

organ of Corti. Furthermore, the data indicate

that otic placode–derived cells and neural crest–

derived cells had strong clonal relations within

but not across origins (Fig. 4G).

Clonal coupling analyses reveal early

lineage specification

Clonal coupling analysis of the entire cochlear

dataset demonstrated a clear separation of

glial cells and all other cell types in the dataset,

with coupling z-scores less than –4, except glia-

macrophage coupling scores,which ranged from

0 to less than –4 (fig. S8). Although both glia and

SV intermediate cells are thought to derive from

neural crest, their negative clonal coupling

(z-score < –4) suggests either distinct origins

or an early fate restriction within the neural

crest (fig. S8). To remove possible noise from

the dataset, glia and macrophages were ex-

cluded, and the datawere reanalyzed (Fig. 5A).

Cells physically adjacent to each other in the

pseudostratified epithelium had the highest

coupling scores, including inner hair cells and

inner phalangeal cells, inner and outer pillar

cells, outer hair cells andDeiters’ cells, and outer

sulcus and Hensen’s cells. Hensen’s cells were

most strongly coupled to outer sulcus cells

(coupling score or z-score =12.34; table S5) and

less strongly coupled to outerhair cells (coupling

score or z-score = 5.47). By contrast, outer hair

cells were most strongly coupled to other outer

hair cells and to Deiters’ cells (coupling score or

z-score = 10.32 and 9.33, respectively), whereas

inner hair cells were most strongly coupled

to other inner hair cells and inner phalan-

geal cells (coupling score or z-score = 6.21

and 5.97, respectively).

To identify groups of cells with similar clonal

coupling patterns, clonal coupling correlation

scores (14) were computed (Fig. 5B). Clonal

coupling correlation analysis revealed three

main branches, including (i) a branch encom-

passing neurons, SV intermediate cells, and

cochlear roof cells; (ii) a branch encompassing

medial cochlear floor cells; and (iii) a branch

constituted of the organ of Corti and lateral

cochlear floor cells. The third branch segregates

into different physical regions of the cochlear

floor, including a medial domain consisting of

Kölliker’s organ, interdental and inner sulcus

cells, the organ of Corti containing hair cells

and supporting cells, and a lateral domain con-

sisting of Hensen’s cells, outer sulcus cells, and

root cells (Fig. 5C). Inner and outer hair cells,

whose convergent development risks being

misinterpreted in pseudotime analyses, were

found to be most strongly correlated with in-

ner phalangeal cells and pillar cells or Deiters’

cells, respectively. Hensen’s cells, which are

sometimes considered to belong to the organ

of Corti or regarded as a supporting cell sub-

type, exhibited the highest correlation scores

with outer sulcus cells, and clonal correlation

analysis groupedHensen’s cellswithouter sulcus

and root cells, demonstrating instead that, devel-

opmentally, Hensen’s cells belong to a domain

lateral to the organ of Corti (Fig. 5, A to C).

Clonal coupling analysis reveals conserved

coupling across the tonotopic axis

The apex-to-base architecture of the spiral co-

chlea enables the separation of sound frequen-

cies. During cochlear development, cell cycle

exit and differentiation are uncoupled: cell

cycle exit occurs from apex to base, whereas

differentiation occurs in the base-to-apex di-

rection, prompting the question of whether

clonal architecture is maintained along this

axis. To assess clonality as a function of apex-to-

base architecture, we designed a Gaussian mix-

ture model (GMM) for single-cell tonotopic

assignment based on tonotopic gene expression

gradients (38). We assessed clone sharing along

the tonotopic axis for cells in the lateral domain,

for cellswith the highest apex or base assignment

accuracy (Fig. 5,DandE; fig. S9; and table S6), for

cells with balanced apex-to-base representation

postnatal cochlear wholemounts from embryos transduced at E7.5 to E8.0 and

collected at postnatal day 4 (P4), showing tdTomato+ cells (red) and nuclei

[4′,6-diamidino-2-phenylindole (DAPI), blue] in the hair cell layer (I) and underlying

supporting cells (J). (K) Cross sections of the organ of Corti from embryos

transduced with tdTomato lentivirus at E7.5 and collected at P4, showing tdTomato

(magenta) expression in hair cells (MYO6, yellow), supporting cells, and in

cells medial and lateral to the organ of Corti. (L) Cross sections of cochlea

from embryos transduced with tdTomato lentivirus at E7.5 and collected at P4,

showing tdTomato+ (yellow) spiral ganglion neurons (Tuj1, magenta; left higher-

magnification panel) as well as glia surrounding neuronal protrusions (right

higher-magnification panel). (M to Q) Cross section of cochlea showing targeting

of cell types outside of the organ of Corti. Scale bars, 20 mm. Data are means with

SD. BM, basilar membrane; D, dorsal; DC, Deiters’ cell; HeC, Hensen’s cells; IHC,

inner hair cells; Id, interdental cells; IPC, inner pillar cells; IPhC, inner phalangeal

cells; IS, inner sulcus; L, left; L-KO, lateral Kölliker’s organ; M-KO, medial Kölliker’s

organ; M.L-KO, mediolateral Kölliker’s organ; OHC, outer hair cells; OPC, outer

pillar cells; OS, outer sulcus; RM, Reissner’s membrane epithelial cells; SC, supporting

cell; SGN, spiral ganglion neurons; SL, spiral limbus; SP, spiral prominence; SV-I,

stria vascularis intermediate cells; SV-M, stria vascularis marginal cells; SV-B, stria

vascularis basal cells; TM, tectorial membrane.
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Fig. 4. Next-generation single-cell lineage tracing of cochlea with in utero

transduction of otic placode and neural crest resolves segregation of

embryonic origins. (A) Workflow of in vivo barcode labeling of cochlear progenitors

by injection of a diverse barcode lentiviral library into amniotic fluid at E7.5 to

E8.0. Each targeted progenitor expresses a barcode coupled to tdTomato expression,

which is inherited by daughter cells that differentiate into cochlear cell types.

Dissection and dissociation of cochleae from eight pups at P1 to P7 followed by

scRNA-seq with 10x Genomics enables transcriptomic profiling and clonal retrieval to

study clonal relationships in the postnatal cochlea. (B) UMAP of 15,461 cells

originating from cochlea of eight transduced pups. (C) Barcode expression features,
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Fig. 5. Clonal coupling analyses reveal cochlear compartmentalization

with base expansion and preserved lineage architecture. (A) Hierarchically

ordered heatmap of z-scores between cell types and dendrogram depicting the

coupling of cell types. Z-scores <–2 (blue) and >2 (red) are considered

significant. (B) Hierarchically ordered heatmap of clonal coupling correlation

scores. (C) Schematic representation of dendrogram tree Branch 3 in (B).

(D) GMM workflow for tonotopy assignment of cells based on differentially

expressed genes in (38). (E) GMM accuracy in predicting apex vs base cell

assignment (38). (F) UMAP of P1 datasets used for tonotopy analysis,

showing clones containing apex outer hair cells (blue) and base outer hair

cells (orange). (G) Number of outer hair cells per apex and base clone. Unpaired

t test, *P < 0.05. (H) Clonal coupling correlation scores between apex and

base outer pillar cells, outer hair cells, and row three Deiters’ cells. (I) Clonal

analysis–based model of cochlear development.

including tdTomato+ cells, number of barcodes per cell, cells with an assigned CloneID

number, and number of cells in multicellular clones. (D) Clone sharing patterns for

all clones, including the specified cell types. (E) Upset plot showing distribution

for sharing patterns occurring >1 (the full set is in supplementary materials), ordered

by cell type group (medial cells, blue; hair cells, orange; organ of Corti supporting cells,

green; lateral cells, purple; wall populations, yellow; spiral ganglion neurons, light

purple; glia, red; macrophages, gray). The set size is equivalent to the number

of clones per cell type. (F andG) Circos plots depicting co-occurrences of cell pairs

for clones with five or more co-occurrences (F) and colored by expected

embryonic origin (G). Sat. G., satellite glia; MSG, myelinating Schwann glia.
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(no more skewed than 1:3 or 3:1), and in which

each cell type comprised at least 50 cells, allowing

for analysis of outer hair, outer pillar, andDeiters’

cells. Apex and base outer hair cells shared clones

with all otic populations (Fig. 5F), and, in line

with the later cell-cycle exit of the base, base

outer hair cell clones contained more outer hair

cells (Fig. 5G). There was a clear separation of

apical andbasal clones, demonstrating that clone

dispersion along tonotopic regions is limited,

and clonal architecture is preserved (Fig. 5H).

In utero barcode labeling and clonal analy-

sis of the otic placode and neural crest revealed

separate branches of development within these

progenitor pools and a series of compartmen-

talizations within the otic placode, ultimately

generating an organ of Corti flanked by amedial

and a lateral clonally coupled domain (Fig. 5I).

Discussion

This study presents a solid method to target

and manipulate the ectoderm, including the

neural plate, placodes, and the neural crest, con-

tributing to sensory organ formation in mice

with in utero injection prior to otic placode

invagination and neural crest delamination.

This approach overcomes previous technical

barriers and paves the way to manipulation

of other embryonic cranial placodes and their

derivatives, including sensory organs (inner

ear, demonstrated here, olfactory organ, and

eyes), cranial ganglia (including trigeminal,

geniculate, petrosal, and nodose ganglia derived

from various placodes), and the anterior pitui-

tary (which derives from the adenohypophyseal

placode). We demonstrate the broad nervous

system coverage and versatility of this method

with the first high-throughput next-generation

lineage analyses of the entire embryonic mouse

nervous system and developing inner ear. This

study reveals lineages from neural plate, otic

placode, and neural crest as well as cochlear

compartmentalization and resolves separate de-

velopmental lineages despite convergent hair

cell differentiation. On the basis of barcode line-

age tracing, we propose an otic placode em-

bryonic origin for root cells and reclassify

Hensen’s cells as lateral to the organ of Corti.

Inner ear lineages have been queried in mice

with Cre-based lineage tracing (12, 39), tetra-

chimeric blastocyst aggregation (12), and E11.5

otocyst retroviral labeling (11). These studies

revealed that the cochlea originates from the

neural crest and otic placode and provided val-

uable clonal insights. Retroviral otocyst labeling

yielded four multicellular clones from the organ

of Corti (11), suggesting clonal coupling of hair

cells to supporting cells. By using lentiviral otic

barcode labeling at E7.5 and next-generation

single-cell lineage tracing, we identified 945

multicellular clones, comprising 8826 cells

in the cochlea. Of these, 379 clones included

1093 organ of Corti cells, allowing for in-depth

clonal analyses.

Categorization of cells as supporting cell sub-

types in the organ of Corti was initially based

on function and/or a shared prosensory origin

with hair cells (40). Hensen’s cells have been

defined as supporting cells based on SOX2 ex-

pression (41). Clonal coupling analyses in this

study identified a separate domain lateral to

the organ of Corti, with stronger coupling of

Hensen’s cells to outer sulcus cells. TheHensen’s

cells lineage thus diverges from the organ of

Corti; therefore, based on lineage-based clas-

sification, Hensen’s cells should not be con-

sidered an organ of Corti supporting cell. The

laterally coupled domain included root cells,

the embryonic origin of which is unknown, de-

spite extensive elegant characterization with

scRNA-seq (42). The root cells’ coupling to

Hensen’s cells and outer sulcus cells reveals an

otic placode origin for root cells. The data sup-

port amodel inwhich threemajor otic placode

domains, fated as early as E7.5, develop into

the cochlea, with a clonally coupled organ of

Corti subdomain.

Barcode-based lineage tracing faces several

limitations (19–21), including loss of barcoded

cells during dissociation, fluorescence-activated

cell sorting, droplet encapsulation, or library

preparation. However, cell loss rates should be

similar to conventional scRNA-seq, a current

state-of-the-artmethod to infer lineages byusing

pseudotime approaches. Pseudotime analyses

struggle with divergent and convergent cell

fates (13–16), an issue that is circumvented by

next-generation single-cell lineage tracing. Ac-

cordingly, inner and outer hair cells were not

assigned a convergent lineage but demonstrated

lineage segregation together with their flank-

ing supporting cells. Another limitation is the

lack of spatial information of cell types and their

clonal information, which we instead inferred

by using tonotopic gene expression. Future bar-

code labeling studies could preserve spatial in-

formation by indexing of cochlear regions or

with spatial transcriptomics.

This study (i) establishes in utero injection

as a tool to target ectoderm fated to become the

nervous system, embryonic placodes, or neural

crest; (ii) provides atlases of single-cell clonal

relationships between cell types of the mouse

embryonic nervous system and postnatal co-

chlea; and (iii) demonstrates compartmental-

ization of lineages within the nervous system

and cochlea.

REFERENCES AND NOTES

1. B. M. Edens, M. E. Bronner, Curr. Top. Dev. Biol. 159, 132–167

(2024).

2. E. C. Driver, M. W. Kelley, Development 147, dev162263 (2020).

3. M. Montcouquiol, M. W. Kelley, Cold Spring Harb. Perspect.

Med. 10, a033266 (2020).

4. M. M. Mellado Lagarde et al., Proc. Natl. Acad. Sci. U.S.A. 111,

16919–16924 (2014).

5. A. Maraslioglu-Sperber, F. Blanc, S. Heller, Hear. Res. 447,

109021 (2024).

6. F. Zheng, J. Zuo, Hear. Res. 349, 182–196 (2017).

7. L. Kolla et al., Nat. Commun. 11, 2389 (2020).

8. S. Wang et al., Dev. Cell 59, 1538–1552.e6 (2024).

9. M. S. Matern et al., Cell Rep. 42, 112545 (2023).

10. P. Jean et al., Proc. Natl. Acad. Sci. U.S.A. 120, e2221744120

(2023).

11. H. Jiang et al., PLOS ONE 8, e69314 (2013).

12. J. Xu et al., Nat. Commun. 8, 15046 (2017).

13. J. C. Burns, M. C. Kelly, M. Hoa, R. J. Morell, M. W. Kelley,

Nat. Commun. 6, 8557 (2015).

14. D. E. Wagner et al., Science 360, 981–987 (2018).

15. M. M. Chan et al., Nature 570, 77–82 (2019).

16. A. McKenna, J. A. Gagnon, Development 146, dev169730

(2019).

17. K. Mangold et al., Cell Rep. Methods 1, 100043 (2021).

18. K. Mangold, J. He, S. Stokman, E. R. Andersson, J. Vis. Exp.

180, 63148 (2022).

19. S. VanHorn, S. A. Morris, Dev. Cell 56, 7–21 (2021).

20. D. E. Wagner, A. M. Klein, Nat. Rev. Genet. 21, 410–427 (2020).

21. L. Kester, A. van Oudenaarden, Cell Stem Cell 23, 166–179

(2018).

22. M. Ratz et al., Nat. Neurosci. 25, 285–294 (2022).

23. S. Andrews, Babraham Bioinformatics - FastQC A Quality

Control Tool for High Throughput Sequence Data (2019);

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

24. M. Martin, EMBnet. J. 17, 10–12 (2011).

25. W. Kaisers, seqTools: Analysis of nucleotide, sequence and

quality content on fastq files. R package version 1.34.0,

SeqTools (2023); https://doi.org/10.18129/B9.bioc.seqTools.

26. L. Thielecke, K. Cornils, I. Glauche, Bioinformatics 36,

2189–2194 (2020).

27. M. D. Young, S. Behjati, Gigascience 9, giaa151 (2020).

28. C. S. McGinnis, L. M. Murrow, Z. J. Gartner, Cell Syst. 8,

329–337.e4 (2019).

29. S. L. Wolock, R. Lopez, A. M. Klein, Cell Syst. 8, 281–291.e9

(2019).

30. R. C. Bandler et al., Nature 601, 404–409 (2022).

31. M. Anniko, S. O. Wikström, Am. J. Otolaryngol. 5, 373–381

(1984).

32. T. Ohyama, A. K. Groves, Genesis 38, 195–199 (2004).

33. C. S. Jayasena, T. Ohyama, N. Segil, A. K. Groves, Development

135, 2251–2261 (2008).

34. B. R. Shrestha et al., Cell 174, 1229–1246.e17 (2018).

35. C. Petitpré et al., Nat. Commun. 9, 3691 (2018).

36. T. R. Sanders, M. W. Kelley, Proc. Natl. Acad. Sci. U.S.A. 119,

e2203935119 (2022).

37. S. Sun, C. Siebald, U. Müller, Curr. Opin. Otolaryngol. Head Neck

Surg. 29, 391–399 (2021).

38. J. Waldhaus, R. Durruthy-Durruthy, S. Heller, Cell Rep. 11,

1385–1399 (2015).

39. L. Freyer, V. Aggarwal, B. E. Morrow, Development 138,

5403–5414 (2011).

40. G. Wan, G. Corfas, J. S. Stone, Semin. Cell Dev. Biol. 24,

448–459 (2013).

41. E. Chrysostomou et al., J. Neurosci. 40, 9401–9413 (2020).

42. S. Gu et al., Sci. Rep. 10, 18100 (2020).

43. L. Belicova, J. He, P. Zydowicz-Machtel, E. Andersson, Barcode

library sequencing from a plasmid amplicon - supplementary

files, Zenodo (2024); https://doi.org/10.5281/zenodo.14223943.

44. L. Belicova, J. He, P. Zydowicz-Machtel, E. Andersson, Lentiviral

barcode library sequencing - supplementary files, Zenodo (2024);

https://doi.org/10.5281/zenodo.14223303.

ACKNOWLEDGMENTS

We thank members of the Andersson and Kelley labs for their

constructive input, S. Linnarsson for cell type annotation support,

B. Semsch and J. Sun for helping with colony maintenance

and in utero injections, and P. Zydowicz-Machtel for assisting

with barcode library characterization. The data handling and

computations were performed on resources provided by the Swedish

National Infrastructure for Computing (SNIC) or the National

Academic Infrastructure for Supercomputing in Sweden (NAISS) at

UPPMAX. We acknowledge NBIS/SciLifeLab for support through

the Bioinformatics Peer Review Support track. Funding: Karolinska

Institutet-NIH Doctoral Student funding 2017_7 (E.R.A., M.W.K.);

Karolinska Institutet Starting Grant 2016-2019 2-560/2015-280

(E.R.A.); Karolinska Institutet Grant for Salary 2020-2021 2-2110/

2019-7 (E.R.A.); Karolinska Institutet Consolidator Grant 2022-

2026 2-195/2021 (E.R.A.); Karolinska Institutet StratNeuro Grants

(E.R.A., E.V.); European Union (BRAINTIME) (E.V.); Erling-Persson

Foundation (HDCA) (E.V.); Vetenskapsrådet 2014-02770, 2017-

01054, 2021-03537 (E.R.A.); Knut & Alice Wallenbergs Stiftelse

2020,0109 (E.R.A., J.F.); The Hearing Research Foundation/

Hörselforskningsfonden FA22-0015, FA24-0014 (E.R.A.); Horizon

Europe, MSCA, grant agreement ID 101057846 (L.B.); Wallenberg

Bioinformatics Support (E.R.A., L.B.). Author contributions:

RESEARCH | RESEARCH ARTICLES

SCIENCE science.org 4 APRIL 2025 • VOL 388 ISSUE 6742 67



Conceptualization: S.d.H., J.H., A.A.C., M.W.K., E.R.A.;

Methodology: S.d.H., J.H., A.A.C., L.B., M.R., E.V., J.F., M.W.K.,

E.R.A.; Investigation: S.d.H., J.H., A.A.C., E.V., M.W.K., E.R.A.;

Visualization: S.d.H., J.H., A.A.C., L.B., E.R.A.; Funding acquisition:

M.W.K., E.R.A.; Project administration: M.W.K., E.R.A.; Supervision:

M.W.K., E.R.A.; Writing – original draft: S.d.H., A.A.C., E.R.A.;

Writing – review & editing: S.d.H., J.H., A.A.C., L.B., E.V., M.W.K.,

E.R.A. Competing interests: J.F. is a consultant to 10x Genomics.

The remaining authors declare that they have no competing

interests. Data and materials availability: All processed

sequence files, derived data, and code are available in various

online repositories. scRNA-seq data was deposited in Array

Express (https://www.ebi.ac.uk/biostudies/arrayexpress). At

Annotare/ArrayExpress, E9.5 and E10.5 embryo data can be found

with accession number E-MTAB-14817, and cochlea data, with

accession number E-MTAB-14691. Raw and processed barcode

library sequencing files are accessible on Zenodo: barcode library

sequencing from a plasmid amplicon (43) and lentiviral barcode

library sequencing (44). The Trex workflow is available on Github

(https://github.com/frisen-lab/TREX), as is the code to process

the E9.5 and E10.5 data (https://github.com/Emma-R-Andersson-

Lab/E9.5-and-E10.5-embryo-lineage-tracing), the code to process

cochlea clonal data (https://github.com/Emma-R-Andersson-Lab/

DeHaan-et-al-Trex_Cochlea), and the code for tonotopy analysis

(https://github.com/Emma-R-Andersson-Lab/deHaan_Apex_vs_

Base_2024). All data and associated analytical processes are

thus either included in the manuscript or deposited as described

above. License information: Copyright © 2025 the authors,

some rights reserved; exclusive licensee American Association for

the Advancement of Science. No claim to original US government

works. https://www.science.org/about/science-licenses-journal-

article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adq9248

Materials and Methods

Figs. S1 to S10

Tables S1 to S7

MDAR Reproducibility Checklist

Submitted 10 July 2024; accepted 12 February 2025

10.1126/science.adq9248

CHEMICAL BIOLOGY

Protein editing using a coordinated transposition reaction
Yi Hua†, Nicholas E. S. Tay†, Xuanjia Ye, Jeremy A. Owen, Hengyuan Liu, Robert E. Thompson, Tom W. Muir*

Protein engineering through the ligation of polypeptide fragments has proven enormously powerful for studying

biochemical processes. In general, this strategy necessitates a final protein-folding step, constraining the

types of systems amenable to the approach. Here, we report a method that allows internal regions of target

proteins to be replaced in a single operation. Conceptually, our system is analogous to a DNA transposition

reaction but uses orthogonal pairs of engineered split inteins to mediate the editing process. This “protein

transposition” reaction is applied to several systems, including folded protein complexes, allowing the efficient

introduction of a variety of noncoded elements. By carrying out a molecular “cut and paste” under native

protein-folding conditions, our approach substantially expands the scope of protein semisynthesis.

T
he ability to assemble proteins from syn-

thetic and recombinant fragments, i.e.,

semisynthesis, has had a tremendous im-

pact on the biomedical sciences. Through

the introduction of unnatural amino acids,

posttranslational modifications (PTMs), spec-

troscopic and biochemical probes, as well as

combinations thereof, protein semisynthesis

provides the means to tackle mechanistic prob-

lems that are difficult to address using other

approaches (1). Despite these attributes, not

every protein is a good candidate for in vitro

semisynthesis using current strategies.Where-

as the size of the protein of interest is usually

not a deciding factor, the location of the de-

sired modification site within the primary se-

quence often can be. Most studies have focused

on the installation of modifications within

the N- or C-terminal proximal regions of the

protein because this requires a single ligation

step using a short, synthetically accessible pep-

tide fragment. By contrast, the introduction

of modifications into the interior of a protein

through semisynthesis ismuchmore challeng-

ing, requiring multiple ligation steps using

three or more fragments (Fig. 1A). As with any

multistep process, the overall yield can be mod-

est due to accumulated losses during each suc-

cessive ligation and purification step. Moreover,

generation of the necessary fragments can be

nontrivial. This is especially true for the flanking

recombinant protein segments, which, lacking

the ability to adopt a native fold, can be difficult

to isolate in useful amounts (2, 3). Irrespective of

the number of ligation steps used, the final

protein productmust be able to efficiently fold

into its native state after assembly of the frag-

ments. This can be challenging for many pro-

teins andmultisubunit protein complexes under

in vitro conditions (4, 5). Thus, there remain nu-

merous systems in which in vitro semisynthesis

could be used to address specific functional or

structural questions, but where the above con-

straints preclude such an undertaking.

Motivated by the need for a streamlined and

broadly applicable method, we report here a

strategy that allows for protein semisynthesis

without the need for a dedicated folding step.

Our approach represents a conceptual depar-

ture from previous efforts (1, 6–8), which have

involved the stepwise assembly of individually

prepared and purified protein fragments (Fig.

1A). Our method takes inspiration from DNA

transposition, in which an exogenous transpo-

son sequence is inserted into a recipient locus

through the action of a transposase enzyme (9)

(Fig. 1B). To adapt transposition to a protein

context, we envisioned using orthogonal pairs

of split inteins that undergo protein trans-

splicing (PTS) reactions (10) (fig. S1). PTS has

been widely applied in the protein semisyn-

thesis area (1), but there are only scattered

reports of using this process tomodify internal

regions of proteins (8, 11, 12). Our previous

work used a combination of naturally split and

artificially split inteins to perform a one-pot

protein assembly from three purified building

blocks (8). However, the yield of this tandem

PTS process was modest, making it of limited

practical value. More recently, Pless and co-

workers have used pairs of split inteins to mod-

ify, throughamicroinjectionprocess, ionchannels

in individual Xenopus oocyte cells (12, 13).

Again, the estimated yields of these tandem

PTS reactions are low (<5%). Building on these

earlier efforts, we wondered whether the effi-

ciency of such insertion processes could be im-

proved by using pairs of engineered split inteins

with suitably tuned and balanced properties.

This would allow for a more robust “protein

transposition” reaction in which a recipient

protein containing strategically embeddedpairs

of split inteins is reacted with a “transposon”

construct containing the insert of interest flanked

by the complementary split intein fragments

(Fig. 1C). In principle, this in vitro reaction could

be performed in the context of a natively folded

host protein or protein complex.

Efficient protein transposition requires

matched split intein splicing kinetics

Conceivably, the proposed transposition reac-

tion could occur through one of two pathways:

(i) a stepwise mechanism, in which one intein

pair engages and splices before the other, or

(ii) a coordinated-type process whereby the

two splicing reactions occur concomitantly

from a single intermediate where both intein

pairs are actively associated (Fig. 2A). The lat-

ter scenario ismore desirable because it would

avoid the buildup of intermediates that by de-

finition constitute fragments of the recipient

protein that could proceed down a misfolding

pathway. Because both binding and splicing

kinetics can varywidely for different split inteins

(14–20), the choice of which pair to use in the

transposition reaction was likely to be critical

for optimizing the system. Thus, our initial ef-

forts were channeled toward identifying suit-

able split intein pairs.

We designed a test system in which two or-

thogonal intein fragments, separated by a short

linker containing a tobacco etch virus (TEV)

protease cut site, were inserted between the

model proteins, maltose binding protein (MBP)

and enhanced green fluorescent protein (eGFP)

(Fig. 2B and fig. S2). MBP and eGFP have no

affinity for one another, minimizing any bias
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that an interaction between the flanking re-

gions of the recipient protein might have on

the reaction pathway. This modular system

allowed us to vary the split inteins used in the

transposition reaction with the goal of finding

an optimal pair. To reduce the size of the em-

bedded transposition apparatus within the re-

cipient construct, we used an atypically split

intein on the N-terminal side [either Cat (17) or

VidaL (18)] and a canonically split intein on the

C-terminal side [Cfa (15)]; the former have short

Int
N
sequences, whereas the opposite is true for

the latter. A series of MBP-IntA
N
-linker-IntB

C
-

eGFP proteins were generated, along with the

corresponding transposon constructs, IntA
C
-

insert-IntB
N
, containing the model insert (HA

epitope tag) flanked by the complementary split

inteins (Fig. 2B and fig. S3). The matching con-

structs were mixed in a 1:1 ratio, and the re-

actions were monitored over time by SDS–

polyacrylamide gel electrophoresis (SDS-PAGE)

and liquid chromatography–mass spectrome-

try (LC-MS) (Fig. 2C and figs. S4 and S5). In all

cases, we observed generation of the expected

transposition products; however, the efficiency

of the reaction varied as a function of the split

intein pairs used (table S1). For instance, in

the reaction involving the VidaL and Cfa split

inteins, we observed a buildup of hemispliced

intermediates formed by single intein splicing

(Fig. 2C); by contrast, these intermediates were

less pronouncedwhenweusedCat andCfa (figs.

S4 and S5).

We used an experiment based on isotopic

labeling and mass spectrometry to investigate

the possibility that the efficiency of the trans-

position reaction might reflect alternate reac-

tion pathways (Fig. 2D).
14
N- or

15
N-labeled

MBP-IntA
N
-linker-IntB

C
-eGFP recipient proteins

(fig. S6) were co-mixed at a 1:1 ratio and then

reacted with corresponding transposon con-

struct. Assuming that a coordinated pathway

is taken, the transposition product should re-

tain either
14
N or

15
N labels in both MBP and

eGFP and only two peaks should be observed

in the mass spectrum at a 1:1 ratio (Fig. 2E). If

a purely stepwise pathway is operational, then

there will be two products with uniform iso-

topic labeling and two with mixed labeling

(Fig. 2E). Control studies that invoked the TEV

cleavage site within the linker region of the

recipient protein indicated that the ratio of

the four isotopic products in a purely stepwise

process is 1:1:1:1 (fig. S7). In the case of the re-

action involving the VidaL and Cfa inteins, we

observed four distinct masses within the pro-

duct fraction. The ratio of these MS peaks was

~2:1:1:2, suggesting that a combination of co-

ordinated and stepwise pathways was opera-

tional (Fig. 2F and fig. S8). When pairing Cat

and Cfa, we observed fewer products gener-

ated from the stepwise pathway (fig. S9). To

improve the coordinated-to-stepwise ratio, we

introduced a mutant into Cfa (mut-Cfa) pre-

dicted to have slower splicing kinetics (Cfa
N

M75L, M81L, designated Cfa
N
m) compared with

the wild type (15), which would better synchro-

nize the splicing rates to that of both Cat and

VidaL (fig. S10) (17, 18). Transposition reactions

involving mut-Cfa and either VidaL or Cat pro-

duced two major peaks in the mass spectrum

corresponding to the uniformly labeled species

(Fig. 2F and figs. S8 and S9). In the case of the

mut-Cfa and Cat pairing, almost all reactions

occurred by a coordinated-type pathway, indi-

cated that this pairing is well matched in terms

of binding and splicing kinetics (figs. S11 to

S14). Kinetic studies using a partially inacti-

vated transposition system inwhich one of the

intein pairs is mutated so as to prevent splic-

ing but not association (figs. S15 to S17) indi-

cated that the splicing kinetics of mut-Cfa and

Cat are themost closelymatched of the inteins

used (figs. S18 to S21). Varying the ratio of reac-

tants had minimal effect on conversion effici-

ency when using mut-Cfa and Cat (fig. S22). On

the basis of these results, we elected to use the

Cat/mut-Cfa pairing in our subsequent studies.

Protein transposition occurs seamlessly

on folded proteins

To test if the transposition reaction can pro-

ceed within folded proteins, we inserted the

Cat/mut-Cfa apparatus into a surface exposed

loop in eGFP, specifically at position 174–175

(Fig. 3A). This site has previously been used in

split eGFP constructs (21), and we anticipated

that it would be permissive to polypeptide in-

sertions (fig. S23A). This recipient protein was

treated with the HA-embedded transposon

with flanking complementary split inteins.We

observed efficient protein transposition, with

the embedded splicing apparatus being clean-

ly removed and replaced by the exogenous

insert (Fig. 3B and fig. S23B). The fluorescence

Fig. 1. Design of a split intein–mediated

protein transposition reaction. (A) Traditional

protein semi(synthesis) using the stepwise

assembly of multiple peptide fragments. Accu-

mulated losses during the multistep synthesis

combined with an obligate final protein-

folding step limit the scope of this approach.

(B) Schematic showing the convenience of

the “cut and paste” mechanism of DNA

transposition. (C) A coordinated protein trans-

position reaction carried out by a pair of

orthogonal split inteins flanking the modification

site. The approach circumvents the need to

generate and manipulate protein fragments and

does not require a folding step.
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properties of eGFP, which are highly sensitive

to the native three-dimensional (3D) structure

of the protein (22), provided a convenientmeans

with which to monitor the folded state of the

protein during the reaction. We observed no

change in the eGFP emission spectrum during

the reaction, which is consistent with the trans-

position occurring in a coordinated manner

on the folded protein (Fig. 3C and fig. S23C).

To explore the scope of the reaction, the em-

bedded transposition apparatus was installed

at two additional sites in eGFP, at a second

surface exposed loop (position 158–159) and

within a b-sheet region (position 124–125). The

former was well tolerated and supported effi-

cient protein transposition when treated with

the transposon construct, whereas the latter led

to misfolded protein and less-efficient transpo-

sition (fig. S24). This result suggests that our

transposition reaction is best suited for poly-

peptide regions that are sterically accessible

for intein-splicing. We also applied the transpo-

sition system to the euchromatic histone-lysine

N-methyltransferase, G9a, amultidomainprotein

with a predicted highly disordered N-terminal

region (residues 1 to 440) (23, 24).We introduced

the transposition apparatus into an intrinsically

disordered region (IDR) of G9a (residues 161 to

208) and subsequently treated this recombinant

recipient protein with the HA-embedded trans-

poson (fig. S25). This led to efficient transpo-

sition for this system, thus highlighting the

suitability of IDRs for our methodology.

To demonstrate transposition on a much

larger protein, we chose the endonuclease-

deficient version of Streptococcus pyogenes

CRISPRassociatedprotein9 (dCas9), an~160-kDa

globular protein that has been extensively en-

gineered for genomics applications (25–27). Spe-

cifically, we investigated whether an exogenous

cassette could be transposed into a permissive

site (residues 573–574 located within a loop) in

the middle of the protein (Fig. 3D) (28). A chi-

meric version of the protein was generated in

which the splicing apparatus, separated by a

His tag, was embedded at this position (fig.

S26A). We expected that this embedded His tag

could be used to purify the transposition prod-

uct from the recipient using a reverse nickel-

affinity chromatography procedure (fig. S26B).

This engineered version of dCas9 (recipient

dCas9) retained its biological activity, as dem-

onstrated by the ability to bind a target DNA

sequence in the presence of a cognate guide

RNA (Fig. 3F) compared with its unmodified

counterpart. In initial studies, we showed that

this recipient dCas9 is capable of undergoing a

successful transposition reaction using the

transposon containing an HA tag (fig. S27).

In principle, our approach provides themeans

to alter both the side chains and amide backbone

of a target protein. To illustrate this point, we

set about introducing a completely abiotic poly-

mer into the dCas9 protein. The dCas9 recipi-

ent was reactedwith a transposon construct in

which a polyethylene glycol (PEG) chain was

nested between the Cat
C
and Cfa

N
m fragments

(Fig. 3D and figs. S28 and S29). This exper-

iment necessitated the development of an

efficient modular strategy for the generation

of transposon constructs containing synthetic

inserts of choice (fig. S28). We first validated

the incorporation of the PEG chain into our

model MBP-eGFP fusion protein by SDS-PAGE

and electrospray ionization mass spectrometry

(ESI-MS) (fig. S30), which gave us confidence

that this abiotic polymer could be inserted into

protein backbones. As in the previous examples,

the transposition reaction proceeded smooth-

ly, affording a backbone engineered version of

dCas9 that retained its DNA-binding activity

in the presence of complementary guide RNA

(Fig. 3, E and F). The success of this example

underscores the substantial synthetic flexibil-

ity granted by our transposition approach.

Protein transposition enables insertion

of functional probes for the biochemical

study of protein complexes

Next, we investigated whether our system could

be used to directly engineer a protein complex.

As noted earlier, proteins that reside within

multisubunit complexes represent a blind spot

for in vitro semisynthesis (1). Our strategy should

help to alleviate this limitation by allowing direct

manipulationofa suitable engineeredpreformed

recipient complex. To test this, we inserted the

transposition apparatus into a key regulatory

region of SMARCA5, the core ATPase subunit

of the ATP-dependent chromatin remodeling

complex ACF (29–31). Previous studies from

our group identified a central basic domain

with the sequence KRERK, called the acidic

patch binding (APB) motif, in this ~120-kDa

protein required for chromatin-remodeling

activity (32). The SMARCA5 recipient protein

used in our studies contained the pretranspo-

sition apparatus in place of this basic domain,

which ablates the APB-dependent functions of

SMARCA5 (Fig. 4A). Thus, we predicted that

successful reaction with a transposon construct

containing this missing regulatory domain

would restore the chromatin remodeling activity

of the multisubunit ACF complex, i.e., trans-

position should act as an “on” switch. Coincu-

bation of the transposon constructs (figs. S31

to S33) with the preformed ACF complex har-

boring the transposition apparatus within the

SMARCA5 subunit led to the efficient gener-

ation of the expected products, which were

confirmed by SDS-PAGE andWestern blotting

(Fig. 4B and figs. S34 and S35). Coimmunopre-

cipitation studies indicated that the ACF com-

plex remained intact after the transposition

reaction (fig. S35A).We thenconductedchromatin-

remodeling studies using a restriction enzyme

accessibility assay (REAA) (33). Consistentwith the

reaction acting as an on switch, we observed

that transposition restored chromatin-remodeling

activity to the ACF complex (Fig. 4C).

We next used our transposition technology

to study the effect of dynamic PTMs within

SMARCA5. Phosphoproteomics analyses of can-

cer cell lines have identified a phosphorylated

tyrosine residue (pTyr
742

) that is adjacent to

the SMARCA5 basic APB motif (34, 35). This

tyrosine residue is highly conserved in SMARCA5

homologs (fig. S36). Although the function of

this PTM is not known, its location proximal to

this critical domain led us to speculate that it

might alter ACF-remodeling activity. Indeed,

structural modeling using an available cryo–

electron microscopy (cryo-EM) structure of

SMARCA5 homolog ISW1 bound to the nucleo-

some (36) suggests that this phosphotyrosine

is positioned to interact with basic sidechains

in the APBmotif, thereby affecting its function

(fig. S37). To explore the functional impact of

this PTM, we used our transposition system to

successfully install a peptide transposon con-

taining pTyr
742

within the ACF complex (Fig. 4B

and fig. S32). Consistent with our hypothesis,

we observed a phosphorylation-dependent de-

crease in ACF-remodeling activity as readout

by electrophoretic mobility shift assays (Fig. 4D

and figs. S38 and S47).

To demonstrate that our technology could

install biochemical probes into the interior of

recipient proteins, we incorporated a diazirine-

containingphoto-methionine (photo-Met) residue

adjacent to the basic domain of SMARCA5 (Fig.

4A). A transposon construct containing this cross-

linker was generated and then reacted with the

ACF recipient to give the expected semisynthetic

ACF complex (Fig. 4B), which retains remodel-

ing activity (fig. S39). This cross-linker probewas

then exploited to gain insight into how the basic

domain in SMARCA5 regulates ACF activity.

Semisynthetic SMARCA5 was irradiated with

ultraviolet (UV) light in the presence of a nu-

cleosomal substrate. Immunoblotting of this

reaction mixture revealed robust cross-linking

to histone H2A (Fig. 4E and fig. S40), which

corroborates our earlier finding of an anchor-

ing effect of the basic region of SMARCA5 to

the nucleosome acidic patch (32). Cross-linking

between SMARCA5 and histone H2A was ab-

latedwhen the photo-Met was replaced by the

native Ala (fig. S40) or in the presence of an

excess of the latency-associated nuclear antigen

(LANA) peptide (Fig. 4E and fig. S41), which

binds to the acidic patch of the nucleosome (37).

Because split inteins do not cross-react with

mammalian proteins (38), wewonderedwhether

the transposition reaction would work in a

more complex cellular environment. To inves-

tigate this, the SMARCA5 recipient protein

bearing an internal HA tag was expressed in

human embryonic kidney (HEK) 293T cells,

and the isolated nuclei from these cells were

treatedwith the transposon construct contain-

ing a recombinant FLAG tag (fig. S42). As in
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Fig. 2. Efficient protein transposition requires matched split-intein

splicing kinetics. (A) Product outcomes for protein transposition depend on

split-intein splicing kinetics. Mismatched splicing kinetics for the two split

inteins can lead to a buildup of unwanted reaction intermediates. (B) Design

of an MBP-eGFP model system for optimizing the protein transposition

reaction. (C) Characterization of transposition reactions using the VidaL/Cfa

split intein pair (left) and Cat/mut-Cfa pair (right). MBP-eGFP recipient

and transposon donor constructs (2 mM of each) were reacted for the indicated

times in 100 mM phosphate, 150 mM NaCl, 1 mM EDTA, and 1 mM

tris(2-carboxyethyl)phosphine (TCEP), pH 7.2. Reactions mixtures were

analyzed by SDS-PAGE with Coomassie blue staining (CBB). The expected

transposition product is indicated. Lower bands correspond to incomplete

splicing intermediates. For estimated transposition yields, see table S1.

(D) Design of an isotopic labeling experiment to differentiate between

stepwise and coordinated processes. A 1:1 mixture of uniformly 14N- or

15N-labeled MBP-eGFP recipient proteins are reacted with the transposon

construct. Up to four different isotopic compositions in the transposition product

are possible depending on the reaction pathway. These kinetic outcomes are

denoted by colored balls. (E) Anticipated product mass spectrometry readout

distinguishing the coordinated versus stepwise transposition pathways.

(F) Mass spectrometry characterization of transposition products in an isotopic

labeling experiment for different intein pairs. Each isotopically labeled recipient

(2 mM total) is reacted with an equimolar amount of HA tag transposon

(2 mM) for 2 hours in 100 mM phosphate, 150 mM NaCl, 1 mM EDTA, and

1 mM TCEP, pH 7.2. After the transposition, the products were isolated by

reversed-phase high-performance liquid chromatography (RP-HPLC), and the

isotopic compositions were detected by ESI-MS and deconvoluted. These

experiments reveal that the VidaL/Cfa split intein pair proceeds through a

stepwise process, whereas the Cat/mut-Cfa pair enables almost fully

coordinated transposition.
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the in vitro examples, we observed highly effi-

cient transposition (Fig. 4F). Encouraged by

this result, we sought to reproduce this sys-

tem in live cells. Coexpression of the SMARCA5

recipient protein and the FLAG-tag–containing

protein transposon resulted in the successful

transposition of the polypeptide cassette into

the recipient protein (fig. S43). These experi-

ments with SMARCA5 and the ACF complex

highlight the broad applicability of protein

transposition from in vitro biochemical stud-

ies to experiments in more complex settings.

A key consideration for the successful de-

ployment of protein transposition will be the

identification of permissive sites within the

recipient in which to embed the split inteins.

Clearly, not every location in a target protein

will tolerate the insertion of the necessary trans-

position apparatus. The current protein trans-

position system necessitates the presence of a

small number (two to four residues) of favorable

C

B

A D

E

F

Fig. 3. Protein transposition enables traceless installation of protein

tags and chimeric cargo on folded proteins. (A) Scheme illustrating the

transposition reaction on an internal loop of eGFP. (B) eGFP recipient and HA tag

transposon constructs (2 mM each) were reacted for the indicated times in

100 mM phosphate, 150 mM NaCl, 1 mM EDTA, and 1 mM TCEP, pH 7.2.

Reactions mixtures were analyzed by SDS-PAGE with CBB staining and Western

blotting with the anti-HA antibody. The expected transposition product is noted

in both analyses. For estimated transposition yields, see table S1. (C) Fluorescence

emission spectra (lex = 488 nm) of the recipient eGFP protein before and

after the transposition reaction. (D) Schematic of the transposition reaction

within the dCas9 fold using Cat/mut-Cfa orthogonal split intein pair. In the

example shown, the 6x His tag inside the recipient dCas9 gets replaced by a

PEG12 abiotic polymer, enabling purification of the product from the unreacted

recipient. (E) Analysis of the dCas9 transposition reaction involving a PEG12-

containing transposon construct. Recipient dCas9 and PEG12 transposon

constructs (1.5 mM each) were reacted for the indicated times in 50 mM Tris,

250 mM NaCl, 1 mM TCEP, and 10% v/v glycerol, pH 7.5. Reaction mixtures were

further purified by reverse nickel-affinity chromatography. Both the reaction

progress (left) and the purified product (right) were analyzed by SDS-PAGE with

CBB staining, and the expected product is indicated (see also table S1). (F) DNA-

binding activity of dCas9 constructs. A wild-type dCas9 without any transposition

construct, the recipient dCas9, and the purified dCas9 containing PEG12 after

transposition were mixed with DNA in the presence of the complementary guide

RNA (c-gRNA) or noncomplementary guide RNA (nc-gRNA), and their DNA-

binding capability was characterized by 5% native Tris-borate EDTA (TBE) gel

electrophoresis with SYBR gold staining.
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Fig. 4. Protein transposition on SMARCA5 and ACF complex enables functional

evaluation of remodeling activity and binding preferences. (A) Scheme illustrating

protein transposition using the Cat/mut-Cfa orthogonal split intein pair on the SMARCA5

subunit of ACF complex. Various chemical modifications can be installed through the

transposon to enable different biochemical experiments. (B) Premade ACF complex

containing the recipient SMARCA5 (500 nM) was mixed with a designated transposon

construct (500 nM) in 25 mM HEPES, 60 mM KCl, 10 mM MgCl2, 1 mM TCEP, 10% v/v

glycerol, and 0.02% v/v IGEPAL CA630, pH 7.75. After overnight reaction at 4°C, the

products were characterized by SDS-PAGE with CBB staining and Western blotting

with indicated antibodies, as denoted by red or blue fluorescence. The APB transposons

used in this experiment were as follows: SMARCA5 APB1 (APB), SMARCA5 APB

+photoMet (APB w/photoMet), and SMARCA5 APB+pY (APB + pY) (see fig. S35 and

table S1 for further details). (C) Top: remodeling activity of modified ACF complexes

on mononucleosomes (MNs) as assayed by REAA (10 nM ACF, 10 nM MNs). Reintro-

ducing the APB domain into a catalytically inactive ACF complex through protein

transposition rescues its activity. Bottom: kinetics of remodeling for the indicated ACF

complexes as measured by REAA. Error bars indicate the SEM of n= 3 independent

experiments. Representative native gel analyses of the remodeling reactions are shown

in fig. S46. (D) Introducing a phosphotyrosine modification into SMARCA5 (pTyr742)

markedly slows nucleosome sliding, as observed by electrophoretic mobility shift assay

after repositioning (8.33 nM ACF, 10 nM MNs, 4 min). Upon l protein phosphatase

(lPP) treatment, ACF activity is fully restored. Off-center bead-on-a-string represents the

non-remodeled MN, whereas the on-center bead-on-a-string represents the remodeled

MN. Quantification is by gel densitometry. Error bars indicate the SEM from n = 5

replicates. Data were analyzed using two-tailed Student’s t test. ***P ≤ 0.001. See fig.

S47 for more details. (E) A photo-methionine residue (photoM743) installed within

SMARCA5 through protein transposition enables photo–cross-linking between SMARCA5

(10 pmol) and a mononucleosome (5 pmol) upon UV irradiation (20 min). Left:

immunostaining with an H2A antibody shows a positive cross-link between SMARCA5

and histone, which is ablated upon the addition of excess LANA peptide (10 mM), a

competitive binder to the nucleosome acidic patch. The asterisk denotes nonspecific

binding of histone antibody to SMARCA5. Right: densitometry analysis of the cross-

linking signal in the immunoblot normalized to total H2A signal. Error bars indicate the

SEM from n = 5 independent biological replicates (+UV) or n = 4 independent biological

replicates (+LANA). Data were analyzed using two-tailed Student’s t test. **P ≤ 0.01.

(F) Immunoblot analysis of in nucleo protein transposition reaction between endoge-

nously expressed recipient SMARCA5 in HEK 293T cells containing an embedded HA tag

(red signal) and exogenously added transposon construct (0.1 to 0.5 mM) containing a

FLAG tag (blue signal) over 30 min. Successful in nucleo transposition is denoted

by the decrease in the HA signal with a concomitant increase in the FLAG signal.
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extein residues (i.e., those residues immediate-

ly flanking the splicing junctions) to facili-

tate the transformation. Ideally, some or all of

these residues would be naturally present in the

recipient protein, therebyminimizing anymuta-

tions in the final product (as in the dCas9 ex-

ample). The discovery and engineering of split

inteins with minimal extein dependency should

further reduce any scars present in transposition

products (1, 10). Surface exposed loops, linker

domains, and intrinsically disordered regions

[the prevalence and functional importance of

which continues to grow (39)] are likely to be

optimal sites. Given the wealth of protein struc-

ture informationnowavailable, including recent

advances in computationalmethods (40–42), we

anticipate that many potential target systems

will be identified that fulfill these design crite-

ria. Thus, the current approach is expected to

greatly expand the range of proteins accessible

to in vitro semisynthesis.
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VACCINATION

Vaccine-enhanced competition permits rational
bacterial strain replacement in the gut
Verena Lentsch1,2, Aurore Woller3,4, Andrea Rocker5, Selma Aslani1, Claudia Moresi1, Niina Ruoho1,
Louise Larsson1, Stefan A. Fattinger6,7, Nicolas Wenner5, Elisa Cappio Barazzone1,
Wolf-Dietrich Hardt6, Claude Loverdo3, Médéric Diard5,8*, Emma Slack1,8,9*

Colonization of the intestinal lumen precedes invasive infection for a wide range of enteropathogenic and

opportunistic pathogenic bacteria. We show that combining oral vaccination with engineered or selected

niche-competitor strains permits pathogen exclusion and strain replacement in the mouse gut lumen. This

approach can be applied either prophylactically to prevent invasion of nontyphoidal Salmonella strains, or

therapeutically to displace an established Escherichia coli. Both intact adaptive immunity and metabolic niche

competition are necessary for efficient vaccine-enhanced competition. Our findings imply that mucosal

antibodies have evolved to work in the context of gut microbial ecology by influencing the outcome of

competition. This has broad implications for the elimination of pathogenic and antibiotic-resistant bacterial

reservoirs and for rational microbiota engineering.

D
rug-resistant infections with Escherichia

coli and Salmonella spp. are increasing

(1). Both species typically colonize the

gut before initiating disease and can

be carried asymptomatically in the gut

lumen. There is a pressing need for control

and prevention strategies that are indepen-

dent of antibiotics and that target not only

disease but also gut pathogen reservoirs.

Most current vaccines focus on clearing in-

fection fromtissues, relyingon serumantibodies

andcellular immunity.However, protection from

colonization of the gut lumen, topologically out-

side of the body, is fundamentally different. In-

vasion into this densely populated microbial

ecosystem is a crucial step in enteropathogenic

bacterial infections (2, 3). Correspondingly, the

microbiota plays a role in recovering homeosta-

sis and excluding colonizing opportunistic

pathogens (4, 5). For example, fecal microbiota

transplantation (FMT) can be curative in recur-

rent Clostridioides difficile infections (6) and

dietary shifts or antibiotic treatment break co-

lonization resistance, permitting Salmonella

infection (3). Consequently, protective intesti-

nal immunemechanisms have evolved to work

in the context of gut microbial ecology.

Whole-cell inactivated oral vaccines induce

high-affinity T cell–dependent immunoglobu-

lin A (IgA) responses against the Salmonella

enterica subspecies enterica serovar Typhimu-

rium (S.Tm) and E. coli surface, including the

O antigens of lipopolysaccharide (7, 8). This

IgA response aggregates S.Tm in the gut lumen

via enchained growth, increasing bacterial

clearance due to rapid flushing of aggregates
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and exerting a selective pressure (7, 9). Conse-

quently, oral vaccination can alter the outcome

of competition between O-antigen variants of

Salmonella (10). Generalizing this concept, we

expect high-affinity IgA to generate a fitness

disadvantage for any targeted strain. Combining

oral vaccination with oral supplementation of a

live bacterial niche competitor could therefore

drive competitive exclusion of the pathogen. An

idealniche competitorwouldbeanonpathogenic

strain with complete metabolic niche overlap,

a faster growth rate, and an absence of surface

antigen cross-reactivity to the pathogen of inter-

est. We here define the combination of a whole-

cell inactivated oral vaccine with a live niche

competitor as “vaccine-enhanced competition.”

To explore the quantitative limits of vaccine-

enhanced competition, we generated a math-

ematical model. This is based on exponential

growth of wild-type Salmonella, a competitor

strain, and the microbiota (modeled as a single

entity) in the presence of finite shared and

private niches, and clearance due to flow and

death. Kinetic parameters were estimated from

in vivo competition assays, combinedwithdirect

quantification of bacterial generation numbers

using the unstable plasmid pAM34 (supple-

mentary modeling text) (11). Finite niches were

defined to be (i) available to the microbiota

only, (ii) available to Salmonella and its com-

petitor only, or (iii) competitively used by both

Salmonella and the microbiota (supplementary

modeling text). The rate of elimination of the

target is expected to be related to (i) the mag-

nitude of IgA-driven increase in clearance rate

of the target and (ii) the extent of metabolic

competition between the competitor and target

strains, which suppresses the available niche for

the pathogen (supplementarymodeling text). The

model predicts clearance of virulent Salmonella

within a few days if a typical IgA response is

combined with a fast-replicating competitor.

Neither IgA alone nor competitor alone led to

complete clearance. The model predicts com-

plete robustness to the timing of competitor

introduction, if some competitor bacterium is

present at the time of challenge.

Using these timings as a guide, we explored

vaccine-enhanced competition in the context of

two in vivo models. First, we applied vaccine-

enhanced competition to prevent disease and

eliminate colonization in themousemodel of non-

typhoidal salmonellosis in resistant (Nramp1
+/+

)

mice (12, 13). Second, we demonstrated that

vaccine-enhanced competition can be applied

therapeutically to eliminate E. coli from the gut

lumenof C57BL/6mice. Vaccine-enhanced com-

petition has broad potential to manipulate en-

terobacteriaceal colonization and disease.

Salmonella-based niche competitors enhance

vaccine protection

As a proof of concept, a niche competitor with

complete metabolic niche overlap was con-

structed by engineering the pathogen itself—

i.e., S.Tm SL1344. To improve competitive fit-

ness and abolish virulence, we deleted the

master regulator of Salmonella pathogenicity

island 1 (SPI-1) genes, hilD, and the Salmonella

pathogenicity island 2 (SPI-2) component ssaV

(14, 15). Antibody cross-reactivity was reduced

by inactivating the abequose O-acetylase oafA

(16), converting the wild-type serovar O:4[5],12

to O:4,12 serovar S.Tm
Comp

(fig. S1). It should be

noted that the O antigen densely carpets the

surface of Salmonella, and O-antigen modifi-

cation alone is therefore sufficient to substan-

tially decrease live-cell recognition by antibodies

specific for the unmodified O antigen (10).

We first tested vaccine-enhanced competi-

tion on the basis of oral vaccination against

the wild-type S.Tm (S.Tm
WT

), combined with

precolonization with S.Tm
Comp

at 3 or 19 days

before challenge in the streptomycin non-

typhoidal salmonellosis model (Fig. 1A and

fig. S2) (12). Antibody titers at the end point

were not altered by the presence of S.Tm
Comp

(Fig. 1B). In control mice, S.Tm
WT

robustly co-

lonized the gut lumen to day 10 after infection

(Fig. 1, C and D, and fig. S2). Niche competitor

(S.Tm
Comp

) or oral vaccination alone mildly

suppressed colonization (Fig. 1, C and D, and

fig. S2). Inmice that were both vaccinated and

colonized with S.Tm
Comp

, S.Tm
WT

initially co-

lonized poorly (Fig. 1D and fig. S2) and was

rapidly cleared. S.Tm
WT

was undetectable in

the cecum content in 7 of 13 mice in this group

at day 10 of infection (Fig. 1, C and D, and fig.

S2) and was suppressed by >100,000-fold in

the remaining animals. Because S.Tm
Comp

per-

sists at low levels for several weeks in our spe-

cific pathogen–free (SPF) mouse colony (fig.

S1), the time of precolonizationwith S.Tm
Comp

did not significantly influence clearance ef-

ficacy (figs. S2 and S3). This is practically im-

portant because it indicates that a niche

competitor can be fed considerably before an

infection occurs. This highlights the need for

rigorous safety testing, as these organisms

need to colonize the gut long-term or to be de-

livered frequently.

Wherever S.Tm
WT

was rapidly eliminated

from the gut lumen, systemic sites were also

sterile (Fig. 1, E and F, and fig. S2). Pathology,

as measured longitudinally by fecal lipocalin-2

(LCN2) and at the end point by histopathology

(Fig. 1, G to I), mirrored intestinal coloniza-

tion. Pathology was prevented by the vaccine-

enhanced competition regimenbut onlypartially

prevented by each intervention alone.

To further corroborate our findings of ster-

ilizing immunity, we performed FMT from in-

fected vaccine-enhanced competition–treated

mice at day 9 intonaïve streptomycin-pretreated

mice (Fig. 1A). Transfer of 1 to 10 colony-forming

units (CFUs) is sufficient to cause full-blown

disease in this model (15, 17). Despite the high-

dose fecal transfer, only one animal of eight

showed transmission of S.Tm
WT

(Fig. 1, J and

K). This donor did not have the highest fecal

S.Tm
WT

counts at the time of transfer but

had the lowest ratio of competitor to wild type

of all donors (40-fold excess, compared with

>1000-fold excess). This suggests an addi-

tional benefit of the approach: A competitor

can prevent transmission even in cases in

which sterilizing immunity in the gut lumen

is incomplete. By contrast, all mice receiving

feces from the untreated control group of S.

Tm-infected mice became infected (Fig. 1, J

and K). Therefore, vaccine-enhanced compe-

tition permitted clearance of high-dose S.Tm
WT

challenge from the gut and prevention of in-

vasion into all examined sites. This also largely

prevented transmission to naïve hosts, provid-

ing herd immunity.

Metabolic niche overlap is necessary for

vaccine-enhanced competition

To investigate whether vaccine-mediated clear-

ance from the gut lumen required complete

metabolic niche overlap, we compared the func-

tionality of S.Tm
Comp

with that of a galactitol-

utilization mutant S.Tm
Comp DgatABC

(Fig. 2A)

(18, 19). Lack of overlap for a single sugar

(galactitol) in the competitor resulted in signif-

icantly slower competitive exclusion of S.Tm
WT

in vaccinated mice, as compared with a full

niche overlap (Fig. 2B). The mechanism there-

fore requires metabolic niche overlap.

We next investigated the ability of a more

distantly related mouse commensal B2 E. coli

8178 (Ec
8178

) to act as aniche competitor against

S.Tm. This strain has a partial niche overlapwith

S.Tm in vivo (20, 21). A benefit of using a more

distantly related probiotic is that this E. coli

produces a completely unrelated O-antigen

structure, allowing us to use the “evolutionary

trap” version of our S.Tm vaccine (Fig. 3A) (10)—

a version of the vaccine covering all common

S.Tm O-antigen variations. Colonization with

Ec
8178

did not induce detectable Ec
8178

-binding

intestinal IgA or serum IgG (fig. S4). Vaccine-

enhanced competition based on combining the

S.Tm
WT

vaccination with Ec
8178

could decrease

initial S.Tm
WT

expansion by ~1000-fold and

completely prevented gut inflammation (Fig. 3,

B to H) (7, 22).

These experiments were then repeated with

a completely unrelated probiotic strain (Lacto-

bacillus casei) that has minimal niche overlap

with Salmonella (23). Despite robust coloni-

zation, L. casei had no significant effect on

vaccine-mediated protection (fig. S5).

A final aspect of niche competition tested is

whether a more intact microbiome may con-

tribute to niche competition. High-fat diet

feeding inducesmild and transientmicrobiota

disruption (21). In this model, oral vaccination

alone and niche competitor alone were effective

in preventing Salmonella colonization. How-

ever, vaccine-enhanced competition performed
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Fig. 1. Vaccine-enhanced competition based on an inactivated whole-cell oral

vaccination and S.TmComp can eliminate S.TmWT from the gut and prevent S.TmWT

transmission. (A) Experimental procedure. (B) Phosphate-buffered saline (PBS, blue)

or peracetic acid–inactivated (PA)-S.Tm–vaccinated (pink) 129S6/SvEv mice were pre-

treated with streptomycin and infected with 1 × 106 S.TmWT. Indicated groups were

precolonized with 5 × 103 S.TmComp at day −3 (filled symbols). S.TmWT-specific intestinal

IgA titers at the end point. (C to F) S.Tm CFUs in cecum content (C), feces (D), MLN (E),

and spleen (F). S.TmWT-free mice in (D) refers to Vacc.+S.TmComp group. (G to I) Intestinal

inflammation determined by fecal LCN2 (G) and cecum histopathological scoring (H).

Representative images of cecum stainedwith hematoxylin and eosin (H&E) (I). Arrowheads

indicate goblet cells. Scale, 100 mm. (J and K) Streptomycin-pretreated naïve 129S6/SvEv

mice received a FMT with feces collected on day 9 from (A) to (K). S.TmWT and S.TmComp

CFUs in feces (J) and cecum content (K). The pink open triangle depicts a donor from the

Vacc.+S.TmComp group in which S.TmWT transmission occurred. Pooled data from two

independent experiments with switched antibiotic resistances [n = 5 to 8 mice per group

in (A) to (I) or n = 8 mice per group in (J) and (K)]. Solid lines, median. Error bars,

interquartile range. Dotted lines, DL. Shaded area, DL range. Open triangles, mouse (n = 1)

euthanized prematurely because of severe disease. One-way analysis of variance

(ANOVA) (H) performed on log-normalized data [(B), (C), (E), and (F)] or area under the

curve (AUC) [(D) and (G)]. Unpaired two-tailed t test performed on log-normalized

data [(B), (C), (E), and (F)]. DF, dilution factor; DL, detection limit; Lu., lumen; MFI, median

fluorescence intensity; MLN, mesenteric lymph node; S.E., submucosal edema.
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slightly better in preventing disease, which sug-

gests that combining oral vaccination and niche

competition has benefits also in the presence

of natural competitors (fig. S6). In the mouse

typhoid model, mice are orally infected with a

high dose of Salmonellawithout pretreatment

or preexisting damage to the microbiota (13).

Vaccine-enhanced competition also provides

robust protection from colonization and gut

inflammation in this model. Of note, because

the high infection dose permits immediate in-

vasion of Salmonella into Peyer’s patches, pro-

tection of systemic sites wasweak in thismodel

(fig. S7) (7, 24–26).

Vaccine-enhanced competition can displace an

E. coli strain from the gut microbiota

To discover whether vaccine-enhanced compe-

tition can eliminate a strain already present in

the microbiota, we used the nonencapsulated

commensal E. coli strain HS as a target (27).

These experiments were performed in C57BL/6

mice carrying a low-complexity microbiota

that permits continuous E. coli colonization

up to 10
8
CFUs/g feces without antibiotic pre-

treatment (28). After precolonization with

E. coli HS,micewere fed oral vaccine on days 3,

13, and 20 and the niche-competitor cocktail on

days 10 and 17. E. coliHS and niche-competitor

levels were monitored in feces until day 23

(Fig. 4A). Whole-cell inactivated oral vac-

cines for E. coli HS induced an IgA response

against the surface of live E. coli HS but not
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Fig. 2. Metabolic niche overlap of S.TmWT and S.TmComp favors vaccine-enhanced competition. (A) Experimental procedure. PBS or PA-S.Tm–vaccinated

129S6/SvEv mice were precolonized with 5 × 103 S.TmComp or S.TmCompDgatABC 3 days before infection and infected with a 1:1 ratio of 1 × 106 S.TmWT and S.TmDgatABC.

(B) S.Tm CFUs in feces (n = 5 mice per group). Solid lines, median. Error bars, interquartile range. Dotted lines and shading, DL and range. Two-way ANOVA on

log-normalized data between S.TmWT and S.TmDgatABC and one-way ANOVA on AUC comparing S.TmWT between treatment groups were performed.
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against the three E. coli strains making up the

niche-competitor probiotic (Fig. 4B). Vaccine-

enhanced competition resulted in complete

displacement of the targeted E. coli strain in

50% of the treated animals, with strongly

suppressed colonization seen in the remain-

ing animals (Fig. 4, C and D). Each treatment

alone had only a verymild effect on E. coliHS

colonization levels (Fig. 4, C and D).

Therefore, the concept of oral vaccine-driven

strain replacement is generalizable to non-

encapsulated E. coli and can eradicate a bac-

terium already present in the gut microbiota.

Vaccine-enhanced competition requires intact

adaptive immune system

Because immune stimulation could potentially

induce antibody-independent effects contrib-

uting to pathogen clearance (29), we tested the

role of adaptive immunity in vaccine-enhanced

competition. Genetically immunodeficient lines

with a low-complexity microbiota were not

easily available, so we used antibodies to de-

plete CD4
+
T cells and B cells. Flow cytometry

confirmed >90%depletion of T andB cells from

the spleen, mesenteric lymph nodes, and blood

of treated mice (Fig. 5, A and B, and fig. S8).
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Fig. 3. Vaccine-enhanced competition with an imperfect niche competitor

limits S.TmWT colonization and prevents inflammation. (A) Experimental

procedure. PBS (blue) or EvoVax-vaccinated (pink) 129S6/SvEv mice were

pretreated with ampicillin and infected with 1 × 106 S.TmWT. Two groups were

precolonized with 5 × 103 Ec8178 at 3 days before infection. (B to E) CFUs in

feces (B), cecum content (C), liver (D), and spleen (E). (F and G) Intestinal

inflammation determined by fecal LCN2 (F) and histopathological scoring of cecum

(G). (H) Representative images of HE-stained cecum. Arrowheads show goblet cells.

Scale bars, 100 mm. Pooled data from two independent experiments (n = 6 to 8 mice

per group). Solid lines, median. Error bars, interquartile range. Dotted lines and

shading, DL and range (when DL depends on sample weight). Open triangles, mice

(n = 3) euthanized because of excessive pathology. One-way ANOVA (E) on log-

normalized data (C) or AUC [(B) to (D)]. Unpaired two-tailed t test on log-normalized

data for comparing two groups (C).
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CD4
+
T cell and B cell depletion during the

vaccination period strongly suppressed in-

duction of vaccine-specific IgA in both SPF

129SJL mice and gnotobiotic C57BL/6 mice

(Fig. 5C and fig. S8). In the therapeutic clear-

ance of E. coli, suppression of T-dependent

antibody responses completely prevented E. coli

HS elimination, whereas isotype-treatedmice

robustly cleared E. coli HS. This is consistent

with a major contribution of vaccine-induced

adaptive immunity (Fig. 5, D and E). In the pre-

vention of Salmonella by using Ec
8178

as a com-

petitor, only the isotype control–treated mice

receiving the vaccination-enhanced protection

treatment remained healthy throughout the

experiment, with no bloom of Salmonella and

effective prevention of systemic spread (fig. S8),

which again confirms the role of vaccine-induced

adaptive immunity. Conversely, depleting CD4
+

and CD8
+
T cells only after vaccination (i.e.,

after induction of a T cell–dependent antibody
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colonized with the commensal E. coli HS strain. Three days later, vaccination with either vehicle alone or PA–E. coli HS was started, and a cocktail of competitor

E. coli was introduced orally on days 10 and 17. (B) Intestinal IgA titers specific for E. coli HS and the competitor strains at the end point. (C and D) Fecal (C) and
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response) had no impact on vaccine-enhanced

competition (fig. S9). As the only adaptive im-

mune component present in noninflamed gut

are secretory antibodies, these findings are

consistent with a role of T-dependent IgA in

vaccine-enhanced competition.

Our high-dose inactivated oral vaccines are

not potent inducers of effector T-cell responses,

in contrast to live-attenuated vaccines (24). Cor-

respondingly, live-attenuated vaccines are poor

at preventing gut colonization but do generate

T cell–dependent protection of deep tissues

(fig. S9). This highlights a dichotomy inprotective

mechanismsbetween thegut lumenandsystemic

sites and between vaccine-enhanced competi-

tion and live-attenuated Salmonella vaccines.

Discussion

The concept that gut microbes contribute to

prevention of pathogen colonization is well

accepted (2, 3, 30, 31). Secretory IgA increases

the clearance rate of intestinal Salmonella and

E. coli through enchained growth (7), and this

exerts selective pressure on IgA-targeted bacteria

(10). Here, we show that these processes work

best together. This represents a fundamental shift

in approach to designing vaccines for enteric

bacteria. Published nutrient blocking and ration-

ally designedmicrobiome engineering approaches

can suppress Salmonella loads to ~10
5
CFUs/g

feces (32, 33), whereas our combined approach

can generate a >10
9
-fold reduction in coloni-

zation, down to undetectable levels.

Vaccine-enhanced competition requires both

rational oral vaccine design and optimal niche-

competitor selection. Earlier work on evolu-

tionary trap vaccines provided a starting point

for oral vaccine design targeting theOantigen of

nonencapsulated Enterobacteriaceae (10). We

explored two ends of the spectrum for niche-

competitor selection and design, first by ration-

allymodifying the target strain itself to generate a

A

E

C

Fecal sampling

Euthanize

1·106

E.coliHS

E.coli

E.coli

E.coli

E.coli

Day: 0 3 7 10 13 17 20 24 27 30

Vaccination with PA-killed E.coliHS/PBS

1·108 E.coli 8178 + E.coli Nissle + E.coli EMIL (1:1:1)

C57BL/6

LCM mice

α-CD4 + α-CD20

Isotype 

B <0.0001

<0.0001 0.0003

<0.0001

+- +-Depletion

Naive Vacc.

+- +-Depletion

Naive Vacc.

0.0006 0.0012

<0.0001

0.0186

E.coli HS

+- +-Depletion

Naive Vacc.

<0.0001

0.0188

<
0

.0
0

0
1<

0
.0

0
0

1

D

E.coli HS

Days post colonization

E.coli 8178

Days post colonization

E.coli Nissle

Days post colonization

E.coli EMIL

Days post colonization

E.coli HS

+- +-Depletion

Naive Vacc.

0.0290

<0.0001

<0.0001

E.coli 8178

+- +-Depletion

Naive Vacc.

0.0083

E.coli Nissle

+- +-Depletion

Naive Vacc.

E.coli EMIL

+- +-Depletion

Naive Vacc.

Fig. 5. Therapeutic clearance of E. coli is antibody dependent. (A) Experimental procedure. C57BL/6 LCM mice were colonized with E. coli HS. Three days later,

vaccination with either vehicle alone or PA–E. coli HS was started, and a cocktail of competitor E. coli was introduced orally on days 10 and 17. Mice were treated

with anti-CD4 and anti-CD20 or isotype controls 1 day before vaccination. (B) CD4+ T cells and B cells in blood at the end point. (C) E. coli HS–specific intestinal

IgA titers at the end point. (D and E) Fecal (D) and cecal (E) CFUs. Pooled data from two independent experiments (n = 4 or 5 mice per group). Solid lines, median. Error

bars, interquartile range. Dotted lines and shading, DL and range. One-way ANOVA (B) on log-normalized data [(C) and (E)] or AUC (D).
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“perfect” competitor and second by testing com-

mensal E. coli strains and a distantly related

Lactobacillus strain (21, 27). There has been

considerable progress in the genomic prediction

of community function andmetabolic niche over-

lap (34), recently defined as nutrient blocking

(32), indicating improved approaches are likely

to involve designed niche-competitor consortia.

We can imagine several scenarios in which

this type of prophylaxis could be relevant. Pre-

vention of enteropathogenic bacterial infections

during travel could be achieved by vaccine-

enhanced competition given shortly before and

potentially during travel. Orally administered

vaccines and probiotics are ideal for self-

administration. Additionally, we have shown

that we can replace a strain already present in

the gut, which allows elimination of opportun-

istic pathogen reservoirs, such as in patients

scheduled for high-risk interventions (35, 36).

This could be game-changing in preventing

invasive and increasingly multidrug-resistant

disease in vulnerable human patients. Anoth-

er interesting hypothesis is that IgA-mediated

strain replacementmay occur frequently with-

out our intervention—i.e., is an evolved func-

tion of secretory IgA. This is consistent with

observations of instability of E. coli at the strain

level, but not the species level, over time in

healthy volunteers (37).

Our observationsmay also explain some con-

troversies in the existing Salmonella literature.

For example, the extent of protection from non-

typhoidal salmonellosis obtained with different

types of oral vaccines in different laboratories

varies extensively (38). Our data indicate that

the variable efficacy of Salmonella niche com-

petitors in the microbiota of mice is a critical

determinant of protective efficacy. Microbiota

composition also varies extensively between

humans and over time (39). The vaccine-

enhanced competition approach should remove

the lottery of natural niche-competitor abun-

dance and allow robust protection or therapy in

most treated individuals. A limitation is that,

because of practical and ethical restrictions, we

have worked over relatively short time scales.

Wehave not addressed the longevity of vaccine-

induced responses or the potential within-host

evolution of competitor strains that might be

observed overmonths or years. In this context,

we cannot exclude that very small reservoirs of

infection below the detection limit may reem-

erge at very late time points after treatment,

even in this very robust prophylaxis system.

Currently, we have focused on one strain of

pathogenic Salmonella and one commensal

E. coli strain. Given the extensive strain-level

variation in antigenicity, pathogenicity, andme-

tabolism between gut bacterial pathogens (40),

the identification of the most relevant vaccine

compositions and niche competitors may not

be a case of simple extrapolation. Beyond non-

encapsulated Enterobacteriaceae, there are

open challenges in determiningwhat themost

relevant bacterial surface antigens are for IgA

targeting and/or for designing oral vaccine

strategies that optimally induce such responses.

For example, C. difficile produces an S-layer

with highly polymorphic exposed epitopes,

which is challenging for vaccine design (41).

Klebsiella species that have been implicated

in exacerbating inflammatory bowel disease

symptoms (42) are heavily encapsulated and

likely require glycoconjugate vaccines for in-

duction of relevant antibody responses (43).

Further important future directions therefore

include (i) improving the breadth and affinity

of IgA responses induced and (ii) optimizing

the design of niche competitors and compe-

titor consortia.

We have identified a mechanism to prevent

Salmonella colonization and achieve E. coli

strain replacement in the gut. These results lay

the foundation for targeted treatments for bac-

terial infections in mammals, promising ad-

vancements in medical science.
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METALLURGY

Superior resistance to cyclic creep in a gradient
structured steel
Qingsong Pan1†, Kunqing Ding2†, Song Guo1,3†, Ning Lu4, Nairong Tao1, Ting Zhu2*, Lei Lu1*

Cyclic creep, or ratcheting, is a severe form of fatigue deformation caused by cumulative unidirectional

plastic strain under asymmetrical stress cycling with a nonzero mean stress. It often causes premature

failure of structural materials, and enhancing ratcheting resistance is a challenge in materials

engineering. We demonstrate superior ratcheting resistance in high-strength austenitic stainless steel

with a gradient hierarchy of dislocation cells. The ratcheting rate is two to four orders of magnitude

lower than for coarse-grained counterparts. Its resistance results from sustained microstructural

refinement through deformation-induced coherent martensitic transformations to hexagonal close-

packed nanolayers within stable dislocation cells. The progressively refined microstructure mitigates

cyclic softening and suppresses strain localization during stress cycling, thus reducing ratcheting

strain. The gradient dislocation architecture represents a promising design for high-strength,

ratcheting-resistant materials.

S
ervice failures in structural components

such as turbine blades, pressure vessels,

nuclear pipes, and offshore structures

can lead to substantial financial costs and

even loss of life (1–3). When metallic ma-

terials are subjected to asymmetrical stress

cycling with nonzero mean stresses, a continu-

ously increasing unidirectional strain commonly

takes place, a phenomenon known as cyclic

creep, or ratcheting (2–8). Ratcheting accel-

erates due to cyclic softening and strain local-

ization, particularly when the applied stress

exceeds the material’s yield strength under

prolonged conditions (9–13).

Various material design strategies, whether

through tuning chemical composition, micro-

structure, or both, struggle to balance strengthen-

ing with ratcheting resistance (1–3, 9, 11). The

ratcheting response worsens as the strength

increases in most conventional single-principal-

element alloys (3, 9, 14, 15) and multi-principal-

element alloys (16). For example, prestraining

typically increases strength and improves short-

term ratcheting resistance in materials with

coarse grains (CGs) during early stress cycles

(17). However, it reduces hardening capacity

and promotes strain localization, weakening

long-term ratcheting resistance (3, 9). Nano-

structured and heavily deformed materials,

with abundant high-angle grain boundaries

(GBs) and dense dislocations, also fail to

achieve this balance. Although these mate-

rials resist ratcheting initially, they soften and

coarsen under repeated cycles due to limited

work hardenability and severe strain localiza-

tion. These effects accelerate ratcheting, leading

to early cracking and failure under prolonged

asymmetrical stress cycling (11, 18–21). A similar

trend of weakened ratcheting resistance has

been observed in high-strength dual-phase

steels, primarily attributed to cyclic softening

resulting from limited strain hardening and

rapid dynamic recovery (3, 22).

To improve the ratcheting resistance of high-

strength materials, it is essential to mitigate

cyclic softening and suppress strain localization

under asymmetrical cyclic loading. Achieving

this requires tailoring the microstructure to

enhance strain-hardening capability, minimize

dynamic recovery to mitigate cyclic softening,

and prevent structural coarsening to control

strain localization during asymmetrical cycling.

Recently, a single-phasemulti-principal-element

alloy exhibited strong strengthening and hard-

ening performance under monotonic tensile

deformation, resulting in exceptional strength

and ductility (23, 24). This alloy features a hier-

archical microstructure composed of stable,

sample-level, gradient dislocation structure

(GDS) confinedwithin CGs. Therefore, exploit-

ing the gradient dislocation architecture to

enhance ratcheting resistance under asym-

metrical cyclic stresses is of interest. In this

study, we choose cost-effective austenitic 304

stainless steel (SS), which is widely used in

diverse safety-critical applications (25). How-

ever, like most single-phase CG metals and al-

loys, conventional 304 SS not only has a low

yield strength but also suffers from limited

ratcheting resistance (2).

GDS steel

We produced a GDS material using a single-

phase face-centered cubic (FCC) AISI 304 SS

(Fe–18%Cr–8%Ni by weight percent). The ini-

tial sample consisted of randomly oriented,

equiaxed CGs with an average size of ~37 mm

(fig. S1, A to C). Dog-bone–shaped bar speci-

mens with a gauge diameter of 6 mm and a

gauge length of 13 mm were processed through

cyclic torsion at ambient temperature (fig. S1D).

After this treatment, equiaxed CGs from the

surface to the core of the sample were homo-

geneously distributed, similar to those before

cyclic torsion, as indicated by electron back-

scatter diffraction (EBSD) with scanning elec-

tron microscopy (SEM) (Fig. 1A). A prominent

feature of GDS SS is the profuse dislocation

cells with low-angle boundaries having misor-

ientations of <15° distributed in most grains

in the topmost layer (within ~100 mm from the

surface) (Fig. 1, B to E). The low-angle boundary

density (or cell size) gradually decreases (or

increases) with depth from the top surface

(Fig. 1B) due to the applied torsion, which gen-

erates radially gradient plastic strains in the

sample cross section (fig. S1, E to G). At the

core, the prevailing dislocation patterns in

grains are individual planar dislocations and

loose tangles (fig. S1, I and J). Thus, a sample-

level GDS microstructure extending from the

surface to the core was achieved in 304 SS

after cyclic torsion. This GDS 304 SS retains

a single-phase FCC structure, as confirmed by

EBSD and transmission electron microscopy

(TEM) (Fig. 1).

SEM and TEM observations revealed that the

abundant equiaxed dislocation cells in the top-

most grains are ~290 nm in size (Fig. 1, C to E).

The cell walls, ~50 nm thick, contain a high

density of dislocations (0.8 × 10
15

m
−2
) and

exhibit small misorientations of ~0.6°, as

estimated by orientation mapping (Fig. 1E).

By contrast, the cell interiors contain fewer

dislocations (Fig. 1F). The surface of GDS SS

exhibits relatively low residual stress, ~70MPa

(fig. S1H), attributed to the nearly pure shear

plastic strain imposed without any surface

tooling. This contrasts with conventional pro-

cessing methods such as shot peening (26).

The GDS sample showed a pronounced gra-

dient distribution of microhardness ranging

from 2.0 GPa in the central region to 3.2 GPa

at the topmost surface, which is higher than

~1.9 GPa of dislocation-free CGs (fig. S2).

Ratcheting resistance under asymmetrical

stress cycling

We characterized both the uniaxial tensile and

cyclic ratcheting performance of GDS SS at

ambient temperature. Quasistatic uniaxial ten-

sile tests showed an elevated yield strength (sy
at 0.2% offset) of 489 ± 2 MPa, ~130% higher

than that of CG counterparts (210 ± 5 MPa)

(fig. S3A). A high uniform elongation (eu) of

up to 52 ± 1%wasmeasured for GDS SS, lower

than that of CG counterparts (71 ± 1%). This

combination of yield strength and uniform

elongation in GDS 304 SS surpasses that of high-

performance SS strengthened by nanotwin
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bundles and is comparable to additively man-

ufactured hierarchical 316 SS (fig. S3B) (27).

We measured the ratcheting response of

GDS 304 SS through asymmetrical tension-

tension cyclic loading (stress control). Various

combinations of maximum stress (smax) and

minimum stress (smin) were applied while

maintaining a stress ratio (smin/smax) of 0.1

and a frequency of 5 Hz (see table S1 for de-

tailed loading parameters). Figure 2A shows

a typical cyclic stress-strain curve of GDS SS

tested at a smax of 510 MPa, which exhibits a

substantially reduced progressive shift of the

hysteresis loop along the tensile strain axis

compared with CG SS (Fig. 2B). The GDS sam-

ple endured 10 million cycles without failure

(~556 hours), reaching a cumulative ratcheting

strain of ~2.1%. By contrast, the CG sample

had a ratcheting-to-failure life (Nf) of 1.0 × 10
5

cycles (~5.6 hours) with a cumulative ratchet-

ing strain of ~25.9%. The reduced cumulative

ratcheting strain in the GDS sample results

from its narrower hysteresis loop cycle by cycle

(Fig. 2C), producing a much smaller ratcheting

strain per cycle Der than the CG counterpart

at the same cycle number (Fig. 2D).

Improved ratcheting performance was also

observed in bulk GDS 304 SS subjected to var-

ious smax ranging from 480 to 570 MPa (table

S1). As shown in Fig. 2E, the cumulative ratch-

eting strain of GDS SS increased more slowly

with increasing smax while exhibiting a longer

ratcheting-to-failure life compared with the CG

counterpart under the same smax. The cumu-

lative ratcheting strain (8.7%) of the GDS sam-

ple cycled to failure at a smax of 570 MPa was

smaller than that of the CG sample (~42%) at a

lower smax of 420 MPa. By removing the inner

core containing few dislocation cells, we ob-

tained GDS tubular specimens (~0.75 mm thick),

hereafter referred to as surface GDS. When

tested at a high smax of 570 MPa, the surface

GDS exhibited a lower cumulative ratcheting

strain of 0.7% at a longer ratcheting life of 3.5 ×

10
6
to 1.0 × 10

7
cycles (without failure) than the

bulk GDS (fig. S3C). The instantaneous ratchet-

ing rate of the surface GDS sample at a smax

of 570 MPa was the smallest throughout the

entire deformation stage compared with both

CG and bulk GDS counterparts (fig. S3D). Using

the equation (emax – emin)/2 – (smax – smin)/2E,

where E is Young’s modulus, the estimated

plastic strain amplitude of surface GDS sam-

ples was found to gradually decrease under

asymmetrical tension-tension cyclic loading

but increased with higher smax, remaining

smaller than that of bulk GDS and the CG

counterpart under the same smax (fig. S3E).

We conducted additional cyclic experiments

on bulk GDS samples under asymmetrical

axial tension-compression and proportional

axial-torsion stress-controlled cycling (mul-

tiaxial conditions; table S1). Figure S4, A and B,

shows that GDS SS samples exhibit enhanced

ratcheting resistance, with ratcheting strain

rates two to three orders of magnitude lower

than CG counterparts under negative stress

ratios of –0.1 and –0.3. Similarly, exceptional

ratcheting resistance was observed under com-

bined axial and torsional fatigue conditions

(fig. S4C), consistent with the results shown

in Fig. 2. These findings confirm that the su-

perior ratcheting resistance of GDS samples

is an inherent property regardless of the stress

ratio (positive or negative) or multiaxial mech-

anical loading.

Figure 2F presents the combinations of av-

erage ratcheting rate and maximum stress for

a variety of metallic materials with different

compositions and structures. The average

ratcheting rate is defined as the cumulative

ratcheting strain at failure, normalized by the

fatigue life (cycles to failure), and the maxi-

mum stress is normalized by Young’s modulus

of the corresponding material. For the metals

and alloys compared in Fig. 2F, the average

ratcheting strain rate ranges from 10
−6

to 10
−3

and increases with applied maximum stress.

By contrast, bulk GDS and surface GDS 304 SS

exhibit average ratcheting strain rates as low

as 10
−10

to 10
−6
, which are two to four orders

of magnitude lower than those of their CG

counterparts and high-strength steels with

comparable strength (2, 3, 20, 22). The low

ratcheting rates of bulk GDS and surface GDS

under high maximum stresses contrast with

the accelerated ratcheting response in conven-

tional transformation-induced plasticity (TRIP)

steels (15), dual-phase steel (3), high-strength

low alloy steel (28), additively manufactured

SS (20), and deformed and nanostructured

metallic materials (3, 18, 19, 21).

Dynamic, coherently nanolayered martensitic

transformation mechanism

To elucidate the underlying mechanisms re-

sponsible for the superior ratcheting resist-

ance of GDS SS, we examined the deformation

Fig. 1. Typical microstructure

with gradient dislocation cells.

(A and B) Cross-sectional EBSD

images of GDS 304 SS processed

by cyclic torsion showing the

distributions of grain morphology

and orientations (A) and internal

boundaries [i.e., high-angle GBs

(HAGBs), low-angle GBs (LABs),

and TBs] with different misorien-

tations (B) within an ~1.2 mm

depth from the surface compared

with those in the core. (C and

D) Corresponding SEM and

bright-field TEM images revealing

dislocation cell structures at

the topmost surface of the treated

samples. The lower left inset in

(D) shows the corresponding

SAED patterns. (E) Misorientation

angle of each cell wall measured

using an electron precession diffrac-

tion technique in TEM. (F) Closer

view of typical dislocation cells.

Depth from top surface (mm)

core

111

001 101

0 0.3 0.6 0.9 1.2 3.0

D

0.49

0.6

0.4

0.30.4

0.7
0.4

0.7

0.8 0.3 0.7

0.6
0.3

0.3

0.40.7

0.90.6

1.5

0.8
1.2

0.4
0.6

0.4

0.8

0.7
1.3

0.8

1.1

0.9

0.8

0.7

0.6

0.4

0.6

0

.

0.4 0.3

E

Z =[110]

C

E

100 nm

F

TB

HAGB (> 15°)

LAB (2-15°) 

1°
0.6

0°

0.4

1 µm 1 µm

5 µm

A

B

RESEARCH | RESEARCH ARTICLES

SCIENCE science.org 4 APRIL 2025 • VOL 388 ISSUE 6742 83



microstructure through interrupted testing of

GDS samples cycled at a smax of 570 MPa.

During the early stage of stress cycling (10%

Nf), no significant structural changes were ob-

served in the grains and dislocation cells (Fig.

3, A and B). However, numerous long, paral-

lel microscale deformation bands with an av-

erage thickness of ~180 nm and spacing of

~3.5 mm began to form, with each band pe-

netrating multiple cell walls in the topmost

grains. The density of these bands decreased

with depth from the top surface. Aberration-

corrected high-angle annular dark-field scanning

transmission electronmicroscopy (HAADF-STEM)

revealed that thesemicroscale deformation bands

primarily consist of short stacking faults (SFs)

(Fig. 3B), with an average length of ~25 nm and

spacing of ~5.2 nm. As stress cycling pro-

gressed to 90% Nf , long, parallel microscale

deformation bands continued to proliferate,

resulting in an increased average thickness of

~320 nm and a decreased average band spac-

ing of ~0.7 mm in the topmost grains (Fig. 3, C

and D). Compared with the as-prepared GDS

sample (Fig. 1), the size of the dislocation cells

decreased slightly to ~217 nm, whereas the

misorientation of the cell walls increased to

~1.1° (Fig. 3, D and E), accompanied by a higher

density of dislocations (~1.3 × 10
15
m
−2
) at these

cell walls.

The microscale deformation bands in GDS

samples at 90% Nf were further characterized

by selected area electron diffraction (SAED),

bright-field TEM, and phase mapping (Fig. 3,

D and E). These bands comprised newly formed

hexagonal close-packed (HCP) nanolayers em-

bedded in the FCC matrix, resulting in an HCP-

FCC nanolaminate structure within each band.

Atomic-resolution HAADF-STEM confirmed

that each micrometer-long deformation band

consisted of numerous multiple thin yet long

HCP nanolayers, along with plenty of SFs and

limited twin boundary (TB) segments within

the FCC matrix (Fig. 3, F and G). The average

length of the HCP nanolayers was ~160 nm,
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Fig. 2. Ratcheting response of GDS 304 SS at different maximum stresses.

(A and B) Typical cyclic stress-strain evolution of GDS (A) and CG (B) samples

subjected to asymmetrical tension-tension fatigue loading with a constant

cyclic stress ratio (smin/smax) of 0.1 at a smax of 510 MPa. The upper right inset

in (A) shows the sinusoidal loading curve under stress control. (C and D) Repre-

sentative hysteresis loops for GDS (C) and CG (D) samples, with the origin of the

strain axis in (C) and (D) shifted to allow comparison between the hysteresis

loop. The ratcheting strain per cycle Der is indicated by a double-headed arrow

between two consecutive smax values in an individual hysteresis loop. (E) Ratcheting

strain measured as a function of the number of cycles N for GDS and CG samples

at various smax values. (F) Combinations of the average ratcheting strain rate

and smax normalized by Young’s modulus E for bulk and surface GDS samples

compared with SS having homogeneous and heterogeneous microstructures

(3, 14), as well as representative structural materials, including martensitic

steel (2), low-carbon steel (3), ferrite-pearlite (F-P) steel (3), TRIP steel (15),

precipitate-strengthened steel (22), dual-phase steels (3), high-strength low-alloy

(HSLA) steel (28), additively manufactured SS (20), and deformed and

ultrafine-grained metals and alloys (2, 3, 18, 19, 21).
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comparable to the spacing between opposite cell

walls, whereas the average thicknesses of the

HCP and FCC layers were ~5.2 nm and 7.8 nm,

respectively. Therefore, a high volume fraction

(~40%) of the nanolayered HCP phase formed

within the microscale deformation bands. Both

the SAED and HAADF-STEM results (Fig. 3, D,

G, and H) indicated coherent HCP-FCC phase

boundaries, with a typical orientation relation-

ship of <0002>HCP//{111}FCC and <11�20>HCP//

<110>FCC. Energy-dispersive x-ray spectroscopy

mapping showed uniform element distributions

of all elements in both phases. These results

suggest that a deformation-induced displacive

transformation occurred from the austenitic

FCC phase to the nanolayered martensitic HCP

phase during ratcheting.

The FCC-to-HCP phase transformation, along

with the formation of numerous SFs and lim-

ited TBs, introduces additional deformation

mechanisms in GDS 304 SS beyond ordinary

dislocation plasticity. As a result, ratcheting

deformation in GDS samples involved exten-

sive SFs and HCP activities, within fully de-

veloped dislocation cells as small as ~290 nm,

leading to sustained nanoscale structural re-

finement. HAADF-STEM revealed numerous

interlocked deformation bands in the top-layer

grains, evidenced by intersecting HCP nanolay-

ers corresponding to two HCP variants (Fig. 4,

A and B). Moreover, extensive SFs formed in the

FCC space between the interlocked HCP nano-

layers, and these SFs frequently intersected

each other or were obstructed by HCP-FCC

phase boundaries (Fig. 4, B and C). By contrast,

ratcheting deformation of most grains in the

core of GDS samples was still dominated by ex-

tensive planar slip of full dislocations along {111}

planes and loose dislocation tangles (fig. S5D).

This ordinary full dislocation plasticity is sim-

ilar to that observed in CG 304 SS, predominated

by large dislocation cells (~500 nm) (figs. S5, A

to C), as reported in most metals and alloys

during ratcheting deformation (2, 14, 18, 29).

By engineering a gradient hierarchy of dis-

location cells, an unusual combination of

deformation mechanisms involving SF for-

mation and coherent FCC-to-HCPmartensitic

transformation can be activated, leading to

significantly enhanced ratcheting resistance

in GDS 304 SS along with high strength. The

formation of ratcheting-regulated FCC and

HCP nanolaminates is attributed to the com-

bined effects of the following factors: the re-

duced characteristic length scale inherent in

the GDS structure, the low SF energy of 304 SS,

and the substantial cumulative plastic strain

under asymmetrical cyclic stresses.

Unlike conventional plastic deformation in-

volving full dislocation glide (30–34), the pri-

mary plastic carriers in GDS SS are Shockley

partials and associated SFs. This response is

mainly due to the reduced length scale of the
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Fig. 3. Deformation microstructures of GDS 304 SS cycled under a smax of

570 MPa at 10% Nf [(A) and (B)] and 90% Nf [(C) to (G)] before failure.

(A and B) SEM and HAADF-STEM images of the top surface layer of GDS SS at

10% Nf showing numerous microscale deformation bands spanning multiple

dislocation cells consisting of nanosized SF segments. The inset shows a

schematic diagram of the 90°and 30° Shockley partials (relative to the TEM

beam direction) on FCC (111) slip planes. (C and D) SEM and bright-field TEM

images at 90% Nf revealing widespread, dense, parallel microscale deformation

bands intersecting multiple dislocation cells. The SAED pattern inset of these

deformation bands shows parallel streaks along the [111] direction (indicated by

the white arrow) due to SFs, alongside diffraction patterns of HCP martensite.

(E) Orientation angle map revealing parallel HCP nanolayers at the topmost

GDS surface measured using electron precession diffraction in TEM. (F) HAADF-

STEM image of an individual deformation band revealing the ultrahigh density

of HCP-FCC nanolaminates, along with numerous SFs. (G) Magnified HAADF-

STEM image corresponding to the white-boxed region in (F) showing HCP nanolayers

(highlighted in orange), SFs, and twin segments. In (B), (F), and (G), the dashed

lines indicate (111) planes of SFs and TBs.
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GDS structure formed through cyclic torsion.

During ratcheting, significant long-range in-

ternal stresses develop to accommodate the

strong structural heterogeneity introduced by

the GDS structure (26, 35, 36), resulting in

elevated local flow stresses, as evidenced by

high microhardness values throughout GDS

samples (fig. S2). To assess the effect of pre-

torsion on internal stresses, we estimated the

internal stress level (X) of GDS samples using

the yield stress difference between the pre-

strain and reference states: X = sy (GDS) – sy

(CG), based on tensile results (fig. S3A). By

applying (smax – X)/E, the data for bulk GDS

and surface GDS in Fig. 2F shift toward ratchet

regime I corresponding to stage I hardening

(37), as shown in fig. S6. According to (37), this

stage involves low amplitudes of plastic defor-

mation, favoring planar slipmechanisms, such

as dislocation pile-up and SF formation.

High flow stresses in GDS samples provide

large driving forces for the nucleation and mi-

gration of Shockley partials within highly sta-

ble dislocation cells. Additionally, the dense

dislocations at cell walls serve as abundant

sources for partial nucleation. Moreover, the

low SF energy (~16.8 mJ/m
2
) of 304 SS favors

partial dislocation activity (30, 31). Correspond-

ingly, the critical size for the transition from

full to partial dislocations with SFs is esti-

mated to be ~240 nm, which closely matches

the cell size (~290 nm) in the topmost GDS

layer. The cumulative plastic strain of the GDS

sample after a long ratcheting life of 3 × 10
5

cycles at asmax of 570MPa reaches an enormous

magnitude (~300), approximately three orders

of magnitude greater than the net ratcheting

strain (Fig. 2). The large cumulative plastic

strain and associated plastic irreversibility

under many cycles of asymmetrical stressing

necessitate widespread SF activation. All of

these factors promoting SF activity in GDS SS

rarely coexist simultaneously in conventional

coarse-grained or high-strength nanostructured

metallic materials (1, 26, 31, 38, 39).

The extensive operation of partial disloca-

tions during ratcheting deformation leads to

the gradual accumulation of highly dense SFs,

promoting the deformation-induced FCC-to-

HCP martensitic transformation (Fig. 3 and

fig. S7). The mechanism of this phase transfor-

mation differs under cyclic loading compared

with monotonic loading. Under monotonic

loading, the FCC-to-HCP transformation and
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Fig. 4. Strengthening mechanisms of HCP nanolayers and SFs. (A) Bright-

field TEM image of the topmost surface layer of GDS SS under a smax of 570 MPa

at 90% Nf showing two variants of nanolayered HCP martensite intersecting

each other. The inset shows SAED patterns from the intersecting HCP nanolayers.

(B) HAADF-STEM image of a network of intersecting HCP nanolayers, SFs,

and Lomer-Cottrell (L-C) locks. (C) Magnified HAADF-STEM image showing the

interactions between an HCP nanolayer and intersecting SFs. (D) Atomic

configurations from molecular dynamics simulation showing the formation of a

network of HCP nanolayers, SFs, and TBs. Atoms in the FCC structure are

omitted for clarity, and those in the HCP structure and at GBs and surfaces

are colored red and white, respectively. (E) Atomic configurations from

molecular dynamics simulation during the progressive slip transmission of an

SF across an HCP nanolayer under increasing resolved shear stress t acting

on the SF (E1 to E4).
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deformation twinning occur through the glide

of Shockley partials with parallel 1/6<112>

Burgers vectors of the same senseon {111} planes

(40–43). By contrast, under cyclic loading, FCC-

to-HCP transformation is achieved through the

glide of Shockley partials with coplanar 1/6<112>

Burgers vectors along different directions (Fig. 3

and fig. S7). Partial glide through alternative

Burgers vectors not only effectively accommo-

dates applied shear strains with alternating

signs during cyclic stressing, but also reduces

the net local plastic shear strain at the ends of

each slender HCP nanolayer. Consequently, the

facile partial glide reduces local deformation

incompatibility between the HCP nanolayers

and the FCCmatrix, lowering the likelihood of

damage initiation.

The nanolayered HCPmartensite plays a cru-

cial role in the strengthening and hardening

responses of GDS SS during ratcheting defor-

mation. Unlike high-angle GBs or incoherent

phase boundaries (31, 40), the HCP nanolayers

form coherent interfaces with the FCC matrix.

These coherent boundaries act as strongbarriers

that effectively impede the glide of dislocations

and SFs on slip planes inclined to the phase

boundaries (Fig. 4, A to C). Molecular dynam-

ics simulations revealed the strong obstruc-

tion of SFs by HCP nanolayers (Fig. 4, D and

E). For example, a SF on an inclined {111} slip

plane in the FCC matrix was hindered by a

coherent phase boundary (Fig. 4, E1 and E2).

Raising the resolved shear stress barely ini-

tiated the transmission of this SF across the

phase boundary (Fig. 4E3). Further increases

in shear stress allowed the dislocation to glide

on an inclined {10�11} pyramidal plane inside

the HCP nanolayer (Fig. 4, E3 and E4). Evi-

dently, the high resistance to slip transmission

stems from the strong coherent phase bound-

ary and the high slip resistance on pyramidal

planes within the HCP nanolayers (11, 39).

The sustained structural refinement, from

initial dislocation cells to finer networks of

FCC-HCP nanolaminates and dislocation cells

(Figs. 3 and 4), continuously enhanced the

ability to obstruct the glide of full dislocations

and partials by reducing mean free paths and

segment lengths while providing abundant

sources for defect nucleation and accumula-

tion (Figs. 3 and 4). These results indicate that

the increasing formation of FCC-HCP nano-

laminates can sustainably enhance strain har-

dening and reduce dynamic recovery during

asymmetrical stress cycling, thus significantly

lowering ratcheting strain under prolonged

cycling.

The nanolayered HCP martensite also plays

a significant role in suppressing strain local-

ization and damage accumulation in GDS SS

during stress cycling, particularly compared

with the mechanically induced body-centered

cubic (BCC) martensite in the CG counterparts

(38, 44–48). The coherent FCC-HCP interfaces

reduce local geometrical incompatibility and

interfacial energy, stabilizing the HCP nano-

layers by preventing heterogeneous coarsening

(11, 39), even at the nanoscale. These coherent

interfaces, along with the aforementioned FCC-

to-HCP phase transformation mediated by

Shockley partials with different Burgers vec-

tor directions (Fig. 3 and fig. S7), effectively

suppress fatigue damage nucleation. By con-

trast, uncontrolled transformation into a hard,

incoherent BCC-based phase, accompanied by

a large lattice dilatation (40), is known to be

detrimental to ratcheting resistance, even for

conventional TRIP steels that exhibit accel-

erated ratcheting and damage initiation due

to phase transformation (2, 15, 49).

Three-dimensional x-ray tomography re-

vealed the minimal cross-section contraction

of GDS specimens after asymmetrical stress

cycling (fig. S8, A and B), indicating their ex-

ceptional ratcheting resistance (Fig. 2). x-ray

tomography further showed no discernable

microcracks in GDS samples cycled to 90% Nf

(fig. S8A); even after failure, cracks or dimples

were only confined to regions near the fracture

surface (fig. S8B). By contrast, CG samples ex-

hibited macrocracks measuring hundreds of

micrometers long on the topmost surface and

numerous microcracks (tens of micrometers

long) in the interior after 90% Nf (fig. S8C) re-

sulting from widespread strain concentration

and fatigue cracking. These damages were cor-

relatedwith a high density of ultrafine, elongated

BCC martensitic blocks (average transversal

size of ~150 nm and longitudinal size ~800 nm)

frequently detected near the cracks (fig. S8, D

to F), similar to those found in fatiguedmetals

with low SF energies (1, 29).

The built-in gradient distribution of dislo-

cation cells and the associated strength gradi-

ent also enhance the ratcheting resistance to

GDS samples under asymmetrical stress cy-

cling. During testing, this strength gradient

leads to progressive yielding behavior and a

corresponding plastic strain gradient from the

soft core to the strong topmost surface (26, 36).

Accommodating this plastic strain gradient

results in the accumulation of geometrically

necessary defects, including dislocations, SFs,

and martensitic HCP nanolayers (26, 36). These

defects contribute to sustained nonlinear kine-

matic and isotropic hardening for enhancing

ratcheting resistance (fig. S9) (50). This effect is

demonstrated by combining experimental mea-

surements with a cyclic plasticity model to char-

acterize the evolution of back stress and effective

stress under asymmetric cyclic stressing. The

back stress typically arises from geometrically

necessary dislocations that generate long-range,

directional internal stresses, whereas the effec-

tive stress originates from statistically stored

dislocations that induce short-range, nondi-

rectional internal stresses (26, 31, 37). Both

impede plastic flow (31, 37). Our cyclic plas-

ticity modeling results of GDS samples (fig.

S9A and table S2) closely match the measured

cumulative ratcheting strain with cycles. They

show a steeper hardening rate in back stress

for GDS compared with CG samples under the

same smax. This is evidenced by a more rapid

evolution of back stress during forward and

reverse loading (fig. S9, B and C) caused by

enhanced hardening and reduced recovery.

Consequently, the net plastic strain per cycle is

smaller and thus the ratcheting rate is lower in

GDS than in CG samples. This sustained non-

linear kinematic and isotropic hardening with

increasing cycles in GDS samples (fig. S9, D

and E) underscores the benefit of progressive

microstructural refinement through the con-

tinued accumulation of SFs andFCC-HCPnano-

laminates during the ratcheting deformation of

GDS 304 SS.

In summary, we have achieved a combination

of high strength and superior resistance to cyclic

creep (ratcheting) by engineering the gradient

hierarchy of dislocation cells in single-phaseFCC

304 SS. Under asymmetrical cyclic stresses, con-

tinuous SF formation and FCC-to-HCP coherent

martensitic transformation lead to sustained

structural refinement evolving from submi-

crometer dislocation cells to finer networks of

FCC-HCP nanolaminates within stable dislo-

cation cells. This progressively refined micro-

structure enhances strain hardening, reduces

dynamic recovery, and mitigates strain local-

ization, significantly lowering cumulative rat-

cheting strain even after long-term cycles. The

principle of sustained microstructural refine-

ment through a gradient dislocation archi-

tecture and deformation-induced FCC-to-HCP

martensitic transformations can be applied to

other alloy systems by adjusting the compo-

sition or deformation conditions.
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SOLAR CELLS

Strain-induced rubidium incorporation into
wide-bandgap perovskites reduces photovoltage loss
Likai Zheng1†, Mingyang Wei2†, Felix T. Eickemeyer1†, Jing Gao1†, Bin Huang3, Ummugulsum Gunes4,
Pascal Schouwink5, David Wenhua Bi6, Virginia Carnevali7, Mounir Mensi5, Francesco Biasoni7,8,
Yuxuan Zhang4, Lorenzo Agosta7, Vladislav Slama7, Nikolaos Lempesis7, Michael A. Hope4‡,
Shaik M. Zakeeruddin1, Lyndon Emsley4, Ursula Rothlisberger7, Lukas Pfeifer1*,
Yimin Xuan3*, Michael Grätzel1*

A-site cation mixing can enhance the photovoltaic performance of a wide-bandgap (WBG) perovskite, but

rubidium (Rb) cation mixing generally forms a nonperovskite phase. We report that lattice strain

locks Rb ions into the a-phase of the lattice of a triple-halide WBG perovskite, preventing phase

segregation into a nonperovskite Rb-cesium–rich phase. This process cooperates with chloride

accommodation and promotes halide homogenization across the entire film volume. The resulting

1.67–electron volt WBG perovskite exhibits photoluminescence quantum yields exceeding 14% under

1-sun-equivalent irradiation, corresponding to a quasi–Fermi level splitting of ~1.34 electron volts.

A WBG perovskite solar cell with an open-circuit voltage (VOC) of 1.30 volts was prepared, corresponding

to 93.5% of the radiative VOC limit and representing the lowest photovoltage loss relative to the

theoretical limit observed in WBG perovskites.

P
erovskite solar cells (PSCs) represent the

fastest-developing photovoltaic (PV) tech-

nology, having attained a certified power

conversion efficiency (PCE) of 26.7%

(1). To surpass the Shockley-Queisser

limit for single-junction solar cells, tandem

architectures have been developed that com-

bine a wide-bandgap (WBG) perovskite top cell

with a narrow-bandgap (NBG) bottom cell (2).

In tandem cells, the WBG perovskites con-

tribute to a higher open-circuit voltage (VOC).

Additionally, the bandgap tunability of WBG

perovskites is of great interest for the develop-

ment of light-emitting diodes (LEDs) and for

indoor or semitransparent building-integrated

PVs (3).

To date, WBG perovskites have been com-

posed of mixed halides at the X-site and a

combination of formamidinium (FA), methyl-

ammonium (MA), and cesium (Cs) at the

A-site to achieve the desired bandgap, phase

stability, and low defect density (4, 5). Despite

advances in compositional engineering, the

PCE of WBG PSCs remains considerably lower

than their theoretical limit, primarily because

nonradiative recombination creates a VOC def-

icit (6, 7). Recent studies have identified that

an inhomogeneous halide distribution already

present in as-fabricated films could account for

the limited optoelectronic performance (8–10).

This inhomogeneity also compromises long-

term stability, as the nonuniform energy land-

scape accelerates halide segregation through

photogenerated hole trapping by iodide-rich,

low-bandgap domains (11).

Homogenizing film composition remains a

promising strategy to suppress bulk recombi-

nation in WBG PSCs. In 1.5-eV PSCs suitable

for single-junction applications, introducing

rubidium (Rb) additives is an effective ap-

proach to homogenize perovskite growth (12),

eliminate detrimental impurities (13), and

stabilize photoactive a-phases (14). However,

solid-state nuclearmagnetic resonance (NMR)

studies have revealed that Rb ions are not

accommodated into perovskite lattices but in-

stead form secondary, nonperovskite phases

with lead iodide (PbI2) (15).

Here, we report the strain-induced incorpo-

ration of Rb ions into the lattice of triple-

halide WBG perovskites, in stark contrast

to the structures formed in normal-bandgap

perovskites. X-ray diffraction (XRD) techni-

ques, solid-state NMR, and computational

studies indicate that Rb and Cl anions, when

applied together, compensate for each other’s

ionic radii by exerting lattice contractions to

better accommodate small ions at both A- and

X-sites. This stabilization mechanism leads

to a uniform distribution of Rb and Cs and

induces halide homogenization, resulting in a

flat electronic structure within the film. The

Rb-incorporatedWBG perovskite films exhibit
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photoluminescence quantum yields (PLQYs)

exceeding 14%, corresponding to an internal

VOC of 1.34 V that approaches the radiative

theoretical limit.

Device performance and stability of

triple-halide WBG PSCs

Encouraged by recent reports on Rb addi-

tives used in efficient and stable single- or

double-halide PSCs (16, 17), we used Rb
+
to

prepare triple-halide perovskite solar cells

(THPSCs) with a perovskite composition of

Cs0.22MA0.03FA0.75Pb(I0.82Br0.15Cl0.03)3 and

featuring a layered architecture of glass/ITO/

SnO2/perovskite/spiro-OMeTAD/Au (Fig. 1A),

where spiro-OMeTAD stands for 2,2′,7,7′-tetrakis

(N,N-di-p-methoxyphenylamino)-9,9′-spirobifluo-

rene. We varied the ratio of Rb added to the

perovskite precursor and identified an amount

of 3 mol % Rb to give optimal results (fig. S1).

The introduction of Rb substantially improved

the PCE of the PSCs compared with the Rb-

free control samples, stemming chiefly from a

substantial improvement in VOC (Fig. 1, B and

C; fig. S2; and table S1).

An ideality factor of 1.51 was observed for

the target device, whereas the value of the con-

trol device was 1.71, indicating suppressed non-

radiative recombination in the target device

(Fig. 1D). Notably, the target device reached

a very high VOC of 1.22 V under only 11% of the

AM1.5G 1-sun intensity. The optimized target

device achieved a champion PCE of 21.4%with

negligible hysteresis and values for short-

circuit current density (JSC), VOC, and fill factor

(FF) of 20.4mA cm
−2
, 1.29 V, and 81.3%, respec-

tively. A steady-state PCE of 21.2% after 120 s

maximum power point (MPP) tracking (Fig. 1E)

was found for the same device.

The bandgap of the target device was deter-

mined to be 1.67 eV by analyzing its external

quantum efficiency (EQE) spectrum, which

B C

-2

Control
DA

E F G

IH

ControlControl

Fig. 1. Power-conversion performance of triple-halide WBG PSCs.

(A) Schematic diagram of the devices. (B and C) Box plots of (B) PCE and (C)

VOC for control and target PSCs (16 devices for each condition). The horizontal

lines of the box plots represent the 75th percentile, median value, and 25th

percentile, going from top to bottom. The top and bottom whiskers are

determined by the 95th and 5th percentile, respectively. (D) Light intensity

plotted against VOC for control and target PSCs. (E) J-V curves of the device with

champion PCE under AM1.5G 1-sun illumination. The inset shows the stabilized

power conversion efficiency. SPO, stabilized power output. (F) Summary of

the reported VOC values for representative PSCs with different bandgaps. SQ,

Shockley-Queisser limit. (G) Time-dependent PL of pristine and Rb-doped THP

films under 1-sun equivalent LED illumination. (H) MPP tracking (MPPT) of

unencapsulated PSCs under simulated AM1.5G illumination (1 sun, xenon lamp)

in ambient air without temperature control. The initial PCEs of the control

and target PSCs were 19.65 and 20.45%, respectively. (I) MPP tracking of

unencapsulated PSCs under 1-sun illumination (white LED) in an N2 atmosphere

at 45°C (ISOS-L-1I). The initial PCEs of the control and target PSCs were

18.83 and 19.75%, respectively.
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exhibited an inflection point (18) at ~743 nm

(fig. S3). The integrated JSC from the EQEmea-

surement was 20.4 mA cm
−2
, matching well

with the value extracted from the J-V curve.

Notably, a champion VOC of 1.30 V was ob-

tained fromadevicewith ahighPCEof 20.65%,

and a stabilized VOC of 1.30 V was obtained

after 60 s of continuous illumination (fig. S4).

This value corresponded to 93.4%of the Shockley-

Queisser limit of VOC, equivalent to a loss of

only 90 mV. This value is the lowest reported

for PSCs with a bandgap ≥ 1.62 eV (Fig. 1F, fig.

S5, and table S2).

Exploration of the role of Rb
+
in mitigat-

ing photoinduced phase segregation in triple-

halide perovskite (THP) films involved a series

of time-dependent photoluminescence (PL) mea-

surements under 1-sun continuous illumination

in a moisture-free atmosphere (Fig. 1G). The

appearance of a red shift in the PL spectrum

typically signifies the emergenceof light-induced

phase segregation. We used the spectral cen-

troid (19) method for a comprehensive depic-

tion of the PL spectrum’s evolution over time

(fig. S6). After 400 min, the unmodified THP

film demonstrated the formation of a lower-

energy PL peak, with the spectral centroid

displaying a red shift exceeding 3.5 nm. Con-

versely, the Rb-doped THP film exhibited ex-

ceptional photostability, maintaining its original

PL spectral characteristic without the emer-

gence of lower-energy peaks. This improvement

in phase stability allowed an unencapsulated

target cell to maintain 96.4% of its initial PCE

after operating in ambient air under 1-sun

illumination (xenon lamp) at its MPP for

30 min (Fig. 1H), whereas the PCE of a control

cell degraded to 81.7% of its initial PCE within

the same time. Additionally, an unencapsulated

A B G

C D H

E F I

Control

Fig. 2. Spectral and morphological characteristics of perovskite films. (A and B) GIWAXS patterns of (A) pristine and (B) 3% Rb-doped THP films. (C and D) Top

view SEM images of (C) pristine and (D) 3% Rb-doped THP films. (E and F) Surface potential difference obtained by KPFM of (E) pristine and (F) 3% Rb-doped

THP films. Rq represents the root mean square value. (G) Steady-state PL results of perovskite films with and without 3% Rb+ measured in three different positions

for each condition. a.u., arbitrary units. (H) TRPL results of perovskite films with and without 3% Rb+. (I) PLQY and QFLS results of perovskite films with and without

3% Rb+ (four individual samples for each condition).
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target device retained80%of its initial PCE after

750 hours of continuously operating at MPP

under 1-sun illumination (white LED) at 45°C

inN2 (ISOS-L-1I), whereas the PCE of a control

device had decreased to 55% of its initial value

after 300 hours (Fig. 1I).

Spectral and morphological characteristics of

perovskite films

To explore the impact of Rb on the crystalliza-

tion properties of THP films, we initiated our

investigationwith grazing-incidencewide-angle

x-ray scattering (GIWAXS) measurements on

THP films without and with 3% Rb
+
(Fig. 2, A

andB). The reference perovskite displayed char-

acteristic diffraction rings at scatter vector (q)

values of ≈1, 1.37, 1.65, and 1.85 nm
−1
, related to

the (100), (110), (111), and (200) crystal planes

of THP films, respectively. With the addition

Fig. 3. Composition depth profiles of perovskite films. (A) Steady-state PL

results (normalized) from glass and air sides of THP films without and with 3% Rb.

The dashed curves represent the difference in intensity between the normalized

PL spectra of glass and air sides for each condition. (B and C) Angle-dependent

GIXRD results of perovskite films (B) without and (C) with 3% Rb. (D and E) Depth

profile XPS results of Cs/I and Rb/I ratios in THP perovskite films (D) without and

(E) with 3% Rb. (F and G) XPS results of (F) Cs and (G) Cl of triple halide

perovskites without and with 3% Rb. CPS, counts per second. (H and I) Depth

profile XPS results of halides and oxygen in perovskite films (H) without and

(I) with 3% Rb. (J) Schematic diagram of trends in the distribution of the studied

A- and X-site ions in THP films before and after Rb-doping and their effect on

the observed lattice constants.
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of 3% Rb
+
, the previously observed PbI2 signal

disappeared, and stronger reflections of the

(100) and (200) facets were observed.

This change in crystallization behavior of

the perovskite films was accompanied by a con-

siderable increase of the grain domain size, from

an average of 336 nm to 393 nm, as observed

by scanning electron microscopy (SEM) (Fig. 2,

C and D). These results were also consistent

with those obtained from atomic force micros-

copy (AFM) measurements on a scanned area

of 5 mm by 5 mm (fig. S7), indicating fewer do-

main boundaries and thus fewer lattice defects.

Furthermore, Rb-doped THP films showed a

more homogeneous surface potential distribu-

tion, with an Rq (root mean square of devia-

tion) value of 28.2 mV, whereas the pristine

THP film exhibited an Rq of ∼69.9 mV, as de-

termined from Kelvin probe force microscopy

(KPFM)measurements (Fig. 2, E and F). This

result suggested a more homogeneous surface

layer structure that would lead to a lower fluc-

tuation of the optoelectronic properties, as was

indeed seen in the PL statistics (Fig. 2G).

The PL data derived from measurements at

three distinct regions of the films not only re-

vealed an improvement in uniformity upon

Rb doping but they also showed that the Rb-

doped THP films exhibited markedly higher

PL intensity, clearly suggesting a decrease in

nonradiative recombination. Furthermore, we

observed a slight blue shift in the PL peak, from

743 nm in the pristine films to 739 nm in the Rb-

doped THP films, which was likely attributable

to a change in octahedral tilting angles and

simultaneous lattice contraction.

We thenperformed time-resolved photolumi-

nescence (TRPL) analyses of both control and

target THP films fabricated on glass with an

octylammonium bromide top passivation layer.

The results revealed that both sets of THP films

adhered closely to a monoexponential decay

model (Fig. 2H), highlighting changes in non-

radiative recombination rates in the film bulk.

The decay time was drastically increased from

~3.90 ms (control) to ~6.05 ms (target), indicating

a suppression of nonradiative recombination

in the Rb-doped THP film (table S3). This re-

sult was in good agreementwith themeasured

PLQY, increasing from 5.8 ± 0.3% for pristine

THP films to 14.4 ± 0.4% for target samples,

accompanied by an increase in quasi–Fermi

level splitting (QFLS) of ~24 meV (Fig. 2I).

Compositional depth profiles of

perovskite films

The in-plane homogenization of THP films by

Rb
+
dopingmotivated us to also probe the out-

of-plane direction by evaluating the PL col-

lected from both the front side (glass-THP

interface) and back side (THP-air interface) of

the sample.We plotted the normalized PL spec-

tra for each sample, comparingmeasurements

taken from the glass and air sides, and calcu-

lated the respective difference spectra (Fig. 3A).

The transition of these spectra from negative

to positive when transitioning from short to

long wavelengths signified a red shift in the

PL of the glass side relative to the air side.

Notably, a substantial disparity in PL intensity

between the two sides, particularly around

767 nm, hinted at a shoulder in the PL spec-

trum taken from the glass side of the pristine

THP sample. We could tentatively attribute

this feature to reabsorption stemming from an

uneven bandgap distribution along the out-of-

plane axis (see supplementary text 1 in the

supplementary materials).

Further evidence of a bandgap widening in

the absence of Rb was attained by grazing in-

cidence x-ray diffraction (GIXRD) measure-

ment with varying incidence angle, which was

conducted to obtain the diffraction patterns at

different film depths from the surface through

the bulk and to the glass interface (Fig. 3, B

and C, and fig. S8). With the incident angle

increasing from 0.3° to 4.0°, we could observe

changing XRD patterns with an increasing con-

tribution of reflections related to indium tin

oxide (ITO) aswe probed deeper regions of the

films (fig. S9). Focusing on the (200) facet, we

observed a diffraction peak at a 2q angle of

28.66° on the top surface of the pristine THP

filmwith an incident angle of 0.3°, followed by

a gradual shift to 28.61°, 28.58°, and 28.56°

with the incident angle increasing to 0.5°, 1.0°,

and 4.0°, respectively (Fig. 3B). This result was

indicative of a more contracted lattice on the

surface compared with the bulk region of the

pristine THP film. After introducing Rb into

the THP composition, the peak positions shifted

to 28.65°, 28.63°, 28.62°, and 28.62° under inci-

dent angles of 0.3°, 0.5°, 1.0°, and 4.0°, respec-

tively (Fig. 3C). Thus, Rb almost eliminated this

gradual shift of the lattice constants along the

out-of-plane direction of the THP films.

To delve deeper into the underlying mech-

anism affecting the change in lattice param-

eters, we performed depth-dependent x-ray

photoelectron spectroscopy (XPS) analysis to

explore the depth profiles of Cs and Rb for

pristine and Rb-doped THP films (Fig. 3, D

and E). The cross-sectional SEM images of the

studied films showed a similar thickness of

around 460 nm (fig. S10). The XPS measure-

ments confirmed the presence of Cl in these

films as well as the presence of Rb in the Rb-

doped ones (figs. S11 and S12). Furthermore,

they indicated that in the absence of Rb, Cs

tended to accumulate at the bottom of the pe-

rovskite film, likely because of the faster crys-

tallization of Cs-rich perovskites (20). However,

with the introduction of Rb
+
, there was a no-

ticeable decrease in the concentration of Cs

at the bottomof THP films, resulting in amore

uniform distribution. Notably, these XPSmea-

surements also revealed a strong shift in the Cs

3d signal to a lower binding energy (~300meV)

in Rb-doped THP samples comparedwith that

of pristine THP, whereas no such difference

was observed in the double-halide perovskite

(DHP) case (Fig. 3, F and G). This shift indicates

an increase in the electron density around the

Cs ions after adding Rb.

As was observed for the distribution of Cs,

the distributions of the halides were affected

substantially by the presence of Rb
+
in THP

films (Fig. 3,Hand I). Althoughboth thepristine

and Rb-doped THP films displayed a relatively

uniform iodide concentration of 82 atomic % of

the halide content across the film, in line with

its nominal composition, this uniformity was

not seen for bromide (Br) and chloride (Cl).

The former showed a distinct gradient increas-

ing progressively from 11% at the top surface

to 20% at the bottom interface, whereas the

latter exhibited an inverse trend with a content

of 8% at the top surface and <1% at the bottom

interface. This variation in the distribution of Br

and Cl could be expected to substantially con-

tribute to the observed lattice inhomogeneity,

especially given the substantial role of Cl in

lattice contraction (19).

The introduction of Rb
+
into the film re-

sulted in a more homogeneous distribution

of both Br and Cl throughout the perovskite

layer. Br maintained a consistent concentra-

tion of ∼15%, across the entire thickness of the

film, and Cl also showed a homogeneous dis-

tribution across the film. Therefore, we posited

that themarked shift observed in the Cs signal

in the XPS measurements could be attributed

to a lower concentration of Cl ions at the sur-

face, which were supplanted by iodine (I) and

Br ions. Given that Cl ions have a higher electro-

negativity thando I andBr ions, this substitution

resulted in a lower average electronegativity of

surface anions, consequently enhancing the

electron density surrounding Cs ions at the sur-

face. Finally, the observed redistribution of Cs

and halide elements could be expected to be a

crucial factor affecting the lattice parameters

along the out-of-plane direction of the THP

films (Fig. 3J). This smoothing effect on the

distribution of ions across the thickness of pe-

rovskite films was not observed in our double-

halide-composition [Cs0.22FA0.78Pb(I0.85Br0.15)3]

films (fig. S13). Consequently, the difference in

Cs 3d binding energy between DHP and Rb-

dopedDHPwas also negligible (Fig. 3G), in line

with our previous findings (21).

Strain-induced incorporation of Rb in THP

Although we had identified the mechanisms

through which Rb enhances the efficiency of

perovskite devices, the mode of incorporation

of Rb
+
within the perovskite film remained to

be ascertained. To this end, we conducted XRD

measurements of THP films with different con-

centrations of Rb (0, 1, 3, 5, 10, 15, and 20%). As

indicated by the results depicted in Fig. 4, A

and B, the addition of Rb ions caused a shift
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Fig. 4. Structural characterization of Rb-doped perovskites. (A and B) XRD

reflections of the (A) (100) and (B) (200) facets of THP films containing different

amounts of Rb+. (C) Normalized PL spectra of THP films with different amounts

of added Rb+. (D) Powder XRD spectra of the film and scraped powder of THP

doped with 3% Rb, along with computational XRD pattern for d-RbPbI3 phase and

Rb-doped THP. (E) MAS solid-state 87Rb NMR spectra of the scraped powder of

a 3% Rb-doped THP film and d-RbPbI3 powder. Sidebands are denoted by

asterisks. (F and G) Temperature-dependent XRD patterns for (F) control and

(G) target THP films. (H) Bar chart: computational lattice volume for MHP, DHP,

and THP with and without Rb+. Dot/line plot: formation energies of Rb-doped

MHP, DHP, and THP. With respect to acetylene solvent. (I) Schematic diagram of

the strain-stabilized Rb-THP phase.
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in theXRDpeaks toward higher angles, a trend

that continued until the Rb concentration

reached 5%. Beyond this concentration, a fur-

ther increase in the Rb concentration to 10%

reversed the trend, with peaks even shifting to

lower angles compared with the sample with-

out Rb, followed by the appearance of peaks

at 2q = 10°, which can tentatively be assigned

to a Rb-containing inorganic nonperovskite

phase (fig. S14).

We observed a similar trend in a series of

PLmeasurements, inwhich the PLpeak shifted

to shorter wavelengths upon increasing the

concentration of Rb from 0 to 3%, followed by

a gradual shift to longer wavelengths between

5% and 20% (Fig. 4C). This was confirmed by

ultraviolet-visible (UV-vis) measurements (fig.

S15), indicating an initial increase of the band-

gap when increasing the amount of Rb additive

altering the octahedral titling angle, followed

by a decrease of the bandgap upon further ad-

dition of Rb. This result was consistent with

a lattice contraction for up to 5% added Rb.

Similar results were observed from adding

rubidium bromide (RbBr) instead of RbI into

the THP films (fig. S16), indicating the general

effect of Rb cation incorporation. The smaller

extent of lattice collapse observed with RbBr

at concentrations above 10% indicates that the

increase in lattice contraction allows for incor-

porating larger amounts of Rb
+
cations. These

results on THP films were different from the

response of DHP toward Rb
+
addition, where

XRD analysis revealed a continuous shift of

signals to lower 2q angles upon increasing the

Rb content up to 5% (fig. S17), indicating the

absence of Rb
+
incorporation on A-cation sites

in the lattice. Having conclusively demonstrated

Rb incorporation into THP films,we also studied

the feasibility of K incorporation following our

approach. Addition of increasing amounts of

potassium iodide (KI) to the THP films en-

tailed a continuous lattice expansion and band-

gap decrease, inferred from XRD and PL

measurements (fig. S18), in contrast to the be-

havior observed with Rb-incorporated sam-

ples. This suggested that K
+
ions are unlikely

to occupy A-sites of the perovskite lattice. This

suggests that K
+
ions are not able to occupy

the A-site of the perovskite lattice. This high-

lights the critical role of alkali cation size in

A-site incorporation in THP materials.

Previous research has demonstrated that the

incorporation of Cl into mixed I/Br perovskites

depends on the Cl source used in the precursor

solution (19). To determine whether the differ-

ent behaviors of DHP and THP were caused

simply by the presence of a Cl additive or in-

deed incorporation of Cl into the lattice, we

compared the XRD patterns of three kinds of

perovskites, each using a distinct Cl source

[9% methylammonium chloride (MACl), 3%

methylammonium lead chloride (MAPbCl3),

and 4.5% lead chloride (PbCl2)], which were

added to the same DHP precursor, while main-

taining the same relative amount of Cl. Sets

of samples with and without 3% of Rb
+
were

preparedandanalyzedbyXRD(fig. S19).Notably,

the PbCl2 and MAPbCl3 samples without Rb
+

exhibited peak shifts to higher diffraction angles,

indicative of lattice contraction.However, when

MACl was used as a chloride source, it did not

produce any noticeable lattice contraction. Our

observation alignedwell with previous findings

attributing the contraction to Cl incorporation

into the perovskite lattice (19). Upon adding

Rb
+
to the precursors of these perovskites, only

the films prepared from samples containing

PbCl2 and MAPbCl3 exhibited an additional

peak shift to higher diffraction angles attrib-

utable to the Rb additive, whereas in the case

of the MACl precursor, the Rb additive caused

a peak shift in the opposite direction.

To investigate whether there is an increased

strain caused by Rb addition leading to lattice

contraction, we subsequently performed both

out-of-plane and in-plane GIXRD measure-

ments with an incident x-ray angle of 2° on

films with and without Rb. Both the out-of-

plane and in-plane GIXRD results were con-

sistent with the q-2qmeasurements, indicating

a shift of the diffraction peak corresponding

to the (220) facet toward higher angles in re-

sponse to Rb doping (fig. S20). This conclusion

was further supported by the residual stress

measurements presented in fig. S21, which even

showed a slight reduction of residual stress in

the Rb-doped film compared with the pristine

film, as the linear fit of 2q-sin
2
ϕ (ϕ represents

the tilt angle of the diffractometer about the

sample surface normal) for the pristine THP

films exhibit larger slope than the Rb-doped

THP films.

These results were consistent with the pos-

sibility that Rb was incorporated into the THP

lattice. However, because previous studies have

not found any proof for Rb incorporation into

organic-inorganicmixed halide perovskite pow-

ders (15), the mechanism behind this incor-

poration remained to be assessed. To address

this question, we scraped a Rb-doped THP film

off its substrate andmeasured its XRD pattern

after placing the powder on an identical sub-

strate. Notably, a Rb-containing nonperovskite

phase was observed that was absent in the films

that adhered to an ITO glass support accom-

panied by lattice expansion of the parent pe-

rovskite phase (Fig. 4D). However, no newphase

was observed in the XRD pattern of the pow-

der of an undoped THP film (fig. S22).

To confirm the presence of a Rb-based non-

perovskite phase in the powder sample, we

performed magic angle spinning (MAS) solid-

state NMR experiments (supplementary text

2). Figure 4E shows the
87
Rb NMR spectra of

the scraped powder from THP films prepared

with 3%Rb
+
. The signal was broader than pure

nonperovskite RbPbI3 and shifted to a lower

frequency (table S4). To test whether this sig-

nal corresponded to Rb doped into the FA-rich

parent perovskite phase, we performed
87
Rb{

1
H}

rotational echo double resonance (REDOR) ex-

periments (22). In these experiments, two
87
Rb spectra were recorded, one with

1
H re-

coupling and one without. The signal inten-

sities in these spectra are denoted S1 and S0,

respectively. Any
87
Rb nuclei near

1
H diphase

due to
1
H–

87
Rb coupling, resulting in a loss of

signal intensity in S1. Figure S23 shows that

there was no discernible dephasing with 2ms

of recoupling, indicating that there were no
1
H nuclei within ~5 Å of the Rb ions. This

finding ruled out any appreciable incorpora-

tion of Rb
+
into the THP phase in the powder

sample.

To identify the effect of Rb on Cs speciation

in the powder sample, we acquired
133

Cs NMR

spectra for scraped THP thin-film samples with

and without Rb (fig. S24). Without Rb in the

precursor solution, a single broad
133

Cs signal

was observed at 47.4 parts per million (ppm),

consistent with Cs in an FA- and iodide-rich

perovskite phase. In contrast, when Rb
+
was

included, the
133
Cs spectrum showed two broad

signals: one arising from Cs in the perovskite

phase, and another signal at ∼230 ppm,which is

associatedwithan inorganicnonperovskitephase.

The signal was broader than for pure d-CsPbI3,

indicating cation mixing, halide mixing, or

both. In combination with the broad
87
Rb sig-

nal, we concluded that the Rb1−wCswPb(IxBryClz)3
nonperovskite phase formed upon remov-

ing Rb-containing THP films from their sub-

strate (15).

To study a possible contribution of strain on

the incorporation of Rb, we conducted variable-

temperature in situ XRD measurements on

control and target THP thin films ranging

from 20° to 130°C. Upon increasing the tem-

perature, the lattice expanded as indicated by

the continuous shift of the (100) peak posi-

tion of the respective initial a-phase to lower

2q angles (Fig. 4, F and G). During this lattice

expansion, the appearance of a nonperovskite

phase was observed in the target film when

the temperature reached 80°C. In contrast, no

such change was seen in the control sample,

indicating that the nonperovskite phase only

formed in the presence of Rb. The in situ for-

mation of the Rb-based nonperovskite phase

above 80°C is strong evidence that Rb
+
was

incorporated in the perovskite phase at lower

temperatures.Upon further increasing the tem-

perature, the Rb nonperovskite phase started

to fade and completely disappeared at 130°C.

Furthermore, in situ XRDmeasurements were

performed on powder scraped from the Rb-

doped THP films (fig. S25). Diffraction peaks

corresponding to the Rb-based nonperovskite

phase were present from the start of the ex-

periment and remained unchanged as the tem-

perature increased. This confirms that Rb
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cannot be incorporated into the perovskite lat-

tice for strain-released powder samples.

To further confirm the strain effect, we fab-

ricated THP and Rb-doped THP films under

varying annealing temperatures. As the anneal-

ing temperature increased, the pristine THP

perovskite XRD peaks showed a progressively

noticeable shift to higher 2q angles, indicating

increased lattice strain within the films (fig.

S26) (23). Notably, the incorporation of rubid-

iumcaused amorepronounced shift in theXRD

peaks at higher annealing temperatures, con-

firming that Rb incorporation is strain-assisted

(fig. S27). This phenomenon was further corrob-

orated by PL spectra (fig. S28), which revealed

an increased bandgap at higher annealing tem-

peratures with the addition of 3% Rb
+
. Addi-

tionally, Rb incorporation was also observed

in THP films deposited on fluoride tin oxide

(FTO) substrates (fig. S29) and in THP films

with a higher bandgap of 1.77 eV (fig. S30), con-

firming the general nature of strain-induced

Rb
+
incorporation.

To elucidate the atomistic origins behindRb

incorporation in pure iodide perovskites [mono-

halide perovskite (MHP)], DHP, and THP, we

performed density functional theory (DFT) and

ab initio molecular dynamics (AIMD) calcula-

tions to verify the stability of these phases also

at finite temperature. The a-phase perovskite

structure of the threemixed FA/Cs perovskites

FA0.78Cs0.22PbI3, FA0.78Cs0.22Pb(I0.85Br0.15)3, and

FA0.73Cs0.22Pb(I0.82Br0.15Cl0.03)3 was examined

without and with 4% Rb (fig. S31). The inclu-

sion of Cl and Rb induced a shrinkage of the

lattice of 3%. Rb incorporation in the DHP led

to an overall stronger (volume) contraction

than in THP, where the lattice was already con-

tracted upon Cl addition, demonstrating that

Rb and Cl addition have indeed some syn-

ergistic effects by reducing the overall lattice

strain (Fig. 4H and table S5). For direct com-

parison with the experimental measurements,

we also simulated the XRD pattern of the cal-

culatedRb-substituted THPFA0.74Cs0.22Rb0.04Pb

(I0.82Br0.15Cl0.03)3, which agrees well with the

experimental XRD of the thin film (Fig. 4D),

confirming the important role of chloride in

enabling Rb incorporation into the lattice. By

computing the stabilization or destabilization

energy associated with Rb incorporation, we

concluded that theMHPwas destabilized upon

4% Rb incorporation by 0.04 eV per stoichio-

metric unit, whereas THP was stabilized by

0.01 eV per stoichiometric unit. The formation

energies for MHP, DHP, and THP with 4% Rb

incorporation were also computed. The ions

(FA
+
, Cs

+
, Rb

+
, Pb

2+
, I
−

, Br
−

, Cl
−

) dissolved in

explicit ethyl acetate as the antisolvent (dielec-

tric constant D = 6.02) used in the experiments

were considered as reference states. It was de-

termined that Rb incorporation is disfavored

by 0.02 and 0.05 eV per stoichiometric unit in

the case ofMHPandDHP, respectively, whereas

it is favored by 0.07 eV per stoichiometric unit

for THP (Fig. 4H). Both the calculated stabili-

zation or destabilization and formation ener-

gies contradict the simple stability estimate

given by the Goldschmidt tolerance factor (24)

and even its machine-learned extension (25),

which predicted that all of these compositions

should be stable (table S5), meaning that a pure

geometrical consideration is not enough to ex-

plain stability in these cases.

Conclusions

Integrating our findings from XRD, GIXRD,

PL,XPS,NMR, andDFT calculations,wepropose

that small amounts of Rb
+
can be incorporated

into the lattice of THP films stabilized by strain.

As illustrated in Fig. 4I, during the annealing

of THP films at high temperatures, the lattice

becomes more flexible, allowing the Rb cation

to occupy the A-site. After thermal quenching,

a black phase is obtained at room temperature

by kinetically trapping the Rb-containing lat-

tice, confirming the bottom interface’s role in

suppressing the a-to-d phase transformation

(26). However, the scraped powder experienced

strain release after detachment from the sub-

strate (26) that led to phase segregation of the

Rb-containing d phase, as detected by XRD and

NMR measurements.

The incorporation of Rb resulted in a shift

of the XRD diffraction peaks toward higher

angles (20, 27), whereas the PL spectrum be-

came more symmetric and shifted toward

shorter wavelengths along with a higher PLQY.

These results are consistent with a reduction

in phase segregation and nonradiative recom-

bination resulting from strain-induced Rb in-

corporation (supplementary text 3). However,

addition of Rb levels of >5% led to the for-

mation of a new Rb-containing nonperovskite

phase containing a mixture of A- and X-site

ions, thus altering the composition of the re-

maining THP phase, akin to the DHP scenario

(28, 29). By using an optimal amount of Rb,

a prepared WBG device achieved a VOC of

1.3 V on the basis of a perovskite with a band-

gap of 1.67 eV, representing the lowest VOC

deficit reported. This discovery opens new

avenues for enhancing the performance of

THP-based devices and provides fresh fun-

damental insights into the complex processes

of cation and anion incorporation in WBG

perovskite compositions.
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NEUROIMMUNOLOGY

Meningeal regulatory T cells inhibit nociception
in female mice
Élora Midavaine1, Beatriz C. Moraes1, Jorge Benitez1, Sian R. Rodriguez1, Joao M. Braz1,
Nathan P. Kochhar1, Walter L. Eckalbar1, Lin Tian2, Ana I. Domingos3, John E. Pintar4,
Allan I. Basbaum1

*†, Sakeen W. Kashem5,6
*†

T cells have emerged as orchestrators of pain amplification, but the mechanism by which T cells

control pain processing is unresolved. We found that regulatory T cells (Treg cells) could inhibit

nociception through a mechanism that was not dependent on their ability to regulate immune activation

and tissue repair. Site-specific depletion or expansion of meningeal Treg cells (mTreg cells) in mice

led to female-specific and sex hormone–dependent modulation of mechanical sensitivity. Specifically,

mTreg cells produced the endogenous opioid enkephalin that exerted an antinociceptive action through

the delta opioid receptor expressed by MrgprD+ sensory neurons. Although enkephalin restrains

nociceptive processing, it was dispensable for Treg cell–mediated immunosuppression. Thus, our findings

uncovered a sexually dimorphic immunological circuit that restrains nociception, establishing Treg
cells as sentinels of pain homeostasis.

P
ain prevalence is higher in women across

multiple conditions, and chronic pain se-

verity is frequently altered during gender

affirming hormonal therapy (1). Although

there is evidence that T cells contribute

to sexually dimorphic pain processing, the exact

mechanisms remain unclear (2). Regulatory

T cells (Treg cells) are a subset of CD4
+
T cells

defined by the expression of the master tran-

scriptional regulator FOXP3, which is encoded

by a gene found on the X chromosome. In ad-

dition to their critical function in restraining

inflammation, Treg cells are major contributors

of tissue reparative and supportive functions

(3, 4). However, it is not known whether and

howTreg cells directly alter neuronal activity to

modulate nociception, independently of their

immunomodulatory functions (5, 6). In this

study, we examined the role of Treg cells in reg-

ulating pain sensing in mice.

Sex-specific suppression of nociceptive
thresholds by meningeal Treg cells

We focused on Treg cells within nervous sys-

tem tissue, localized to the meninges of the

central nervous system (CNS) and to the lep-

tomeninges of dorsal root ganglia (DRGs).

As previously reported, we observed a more

pronounced localization of Treg cells in the

lumbar and sacral segments of the spinal cord

(SC) meninges, and Treg cells were observed

along meningeal nerve fibers, including fibers

expressing the protein isolectin B4
+
(IB4

+
)

that marks nonpeptidergic sensory neurons

(Fig. 1A and fig. S1A) (7). In the DRGs, Treg
cells predominated in the leptomeninges,

with sparse presence within the DRG paren-

chyma (Fig. 1B and fig. S1B). We quantified

the numbers of nonvascular-tissue Treg cells in

various organs within the nervous and lymph-

oid systems (Fig. 1C). We further refer to the

SC meningeal and DRG leptomeningeal Treg
cells as meningeal Treg cells (mTreg cells) (Fig.

1C). We observed minimal localization of Treg
cells in peripheral nerves or CNS parenchyma,

as previously noted (8), and observed nearly

equivalent numbers of tissue Treg cells in male

and femalemice across tissues (Fig. 1D and fig.

S1, C and D).

To assess the feasibility of site-specific de-

pletion of mTreg cells, we performed intrathecal

(IT) injections of pegylated diphtheria toxin

(pegDT) in Foxp3-DTR mice expressing the

diphtheria toxin receptor (DTR) under the

control of the Foxp3 promoter, leading to

Treg cell–specific cell death on toxin admin-

istration (9). Although an IT injection of Evans

blue rapidly spreads through the meninges,

DRGs, brain, and into the draining lymphnodes,

pegylated fluorescently labeled molecules re-

main restricted to the SC meninges and to the

DRGs (fig. S2, A and B). Consistently, a single

dose of pegDT IT selectively depleted >90% of

SC and DRG mTreg cells in both male and fe-

male mice but spared Treg cells located in all

other organs (Fig. 1, E and F, and fig. S2C).

Foxp3-DTRmice subjected to repeated pegDT

IT did not exhibit weight loss, splenomegaly,

or mortality that developed after systemic auto-

immunity in Foxp3-DTR mice that received re-

peated intraperitoneal (IP) injections of diphtheria

toxin (DT) (fig. S2, D to G). Thus, IT injections of

pegDT allow for site-selective depletion of mTreg
cells while avoiding systemic inflammation.

We evaluated behavioral outcomes in mice

after mTreg cell depletion in response to pain

mediated by mechanosensitive unmyelinated

and myelinated primary afferent nerve fibers.

A single dose of pegDT IT decreasedmechanical

nociceptive thresholds in naïve female, but not

male, Foxp3-DTR mice (Fig. 1, G and H). Me-

chanical pain thresholds inC57BL/6mice treated

with pegDT IT and in Foxp3-DTR mice treated

with vehicle IT did not differ (fig. S3A), which

indicates that neither pegDT nor IT injections

alone caused increased pain hypersensitivity.

In addition, we assessedmice for noxious heat

sensitivity (mediated by Trpv1
+
nociceptors),

cold sensitivity (Trpm8
+
nociceptors), pinprick

(Ad fibers), and brush responses (Ab fibers).

Depletion of mTreg cells selectively induced

mechanical hypersensitivity in female mice,

but in neither sex did it affect other sensory

modalities or motor function (Fig. 1I and fig.

S3, A to H). We concluded that mTreg cells sup-

press mechanical nociceptive thresholds in a

sex-dependent manner in uninjured mice.

mTreg cells alleviate injury-induced mechanical
hypersensitivity independently of tissue repair

We investigated whether mTreg cells could sup-

press nociception after nerve injury. We used

a well-established spared nerve injury (SNI)

model of neuropathic pain, in which transec-

tion and ligation of two branches of the sciatic

nerve induces permanent and unremitting me-

chanical hypersensitivity (Fig. 2, A and B). SNI

also produces a nonhealing neuroma 4 weeks

after the injury (10). Additionally, meninges are

physically segregated from peripheral nerves

through tight junctions. Thus, because tissue

injury cannot be repaired to resolve pain, this

model allows of assessment of mTreg cell func-

tion in nociception specifically. After SNI, we

observed no changes in meningeal Treg cell

numbers (fig. S4A). Because mice with SNI

respond to mechanical stimuli at the limit of

detectionwith von Frey filaments, we used the

percent response method with the lightest

available filament (11). This approach assesses

pain sensitivity by measuring how often mice

react to themost innocuous availablemechan-

ical stimuli.Nociceptive responseswere increased

in female mice with mTreg cell depletion after

SNI, but this was not observed inmales (Fig. 2,

C and D).

Our data indicated that mTreg cells may de-

crease pain sensing; therefore, we investigated

whether expanding mTreg cells could allevi-

ate mechanical hypersensitivity after SNI. Treg
cells express the high-affinity interleukin-2 (IL-2)

receptor, and administrations of low doses of

IL-2 can effectively expand Treg cells in mice—

a therapeutic approach used to treat autoim-

mune diseases in humans (12). IT injections of

low-dose IL-2 selectively expanded mTreg cells
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Fig. 1. Sex-selective suppression of mechanical pain hypersensitivity by

mTreg cells. (A and B) Representative (n = 5) whole-mount maximum projection

confocal microscopy image of the lumbar SC meninges (A) and DRGs

(B) showing Treg cells (green-red: yellow) and nerves (autofluorescence, red) in

Foxp3
eGFP-Cre-ERT2

;Rosa26
tdTomato reporter mice. Inset in (B) shows DRG

magnification. Scale bars, 100 mm (A) and 150 mm (B). Arrowheads indicate Treg
cells. (C) Total number of weight-adjusted tissue Treg cells across organs in

both sexes combined; n = 9 to 10 mice per organ. (D) Relative number of tissue

Treg cells from male (white; n = 5) mice and female (black; n = 5) mice per

organ. 100% represents mean number of female Treg cells per organ.

Comparison is made between the sexes in each individual organ. (E) Repre-

sentative concatenated flow cytometry (n = 5) plots of tissue Treg cells after a

single IT injection of 20 ng of pegDT. Gating strategy is provided in fig. S1.

(F) Relative quantifications of tissue Treg cell depletion 2 days after a single IT

pegDT injection across organs; n = 4 to 8 mice per organ. 100% represents

mean number of tissue Treg cells in IT vehicle-injected mice per organ.

(G and H) Nociceptive thresholds measured in Foxp3-DTR mice using von

Frey filaments before (day 0) and after a single dose of 20 ng of IT pegDT or

vehicle in female (n = 9 mice per group) (G) or male (n = 13 to 15 mice per group)

mice (H). Downward-pointing arrow represents increased pain sensitivity.

(I) Summary of behavioral differences comparing IT pegDT- and control-injected

female and male mice. In graphs (C), (D), and (F), individual data points show

data for one mouse, and bars show means ± SEMs. In graphs (G) and (H),

individual data points show means ± SEMs. Statistics were calculated by unpaired

two-tailed Mann-Whitney test [(D) and (F)] or two-way analysis of variance

(ANOVA) with Sidak’s test for multiple comparisons [(G) and (H)]. ScMg, spinal

cord meninges; BrMg, brain meninges; LN, lymph nodes; Veh, vehicle. ns, not

significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. mTreg cells control nociception dependent on sex hormones and

independent of tissue repair. (A) Schematic representation of the SNI surgery.

(B) Long-term assessment of mechanical pain thresholds in mice after SNI

surgery (both sexes combined, no difference between the sexes); n = 7 to 8 mice

per group. (C and D) Percent response to 0.008 g of von Frey filament in mice

with SNI (day 0) and treated with IT pegDT or vehicle every 4 days. n = 8 per

group for females and 9 to 10 per group for males. Upward-pointing arrow

represents increased pain responsiveness. (E) Schematic representation of

mTreg cell expansion in mice 4 weeks after SNI by three IT injections of low-dose

IL-2 (0.1 mg). (F) Total mTreg cell number in meninges after low-dose IL-2 or

vehicle IT injections (both sexes combined, no significant differences between

the sexes); n = 7 to 8 mice per group. (G and H) Nociceptive thresholds of

female (n = 7 to 12 mice per group) (G) and male (n = 5 mice per group) (H)

mice given low-dose IL-2 or vehicle IT 4 weeks after SNI. (I) Schematic

representation of the mating strategy of FCG Foxp3-DTR mice, demonstrating

resulting XX and XY females and XX and XY male mice. (J) Nociceptive

thresholds of FCG Foxp3-DTR female and male mice after a single IT pegDT

injection. n = 5 to 9 per group for females and 4 per group for males. (K) Percent

baseline nociceptive thresholds is determined as post–pegDT injection threshold

divided by preinjection, basal mechanical threshold in male and female mice
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in both male and female mice (Fig. 2, E and

F, and fig. S4B). Although mTreg cell expan-

sion promoted antinociception in female

mice post-SNI, it did not exhibit a similar ef-

fect in males (Fig. 2, G and H). IT injections of

IL-2 in uninjured mice did not increase noci-

ceptive thresholds (fig. S4, C andD). In addition,

mTreg cell expansion did not alter noxious heat

and cold sensitivity in mice with SNI and did

not induce motor impairment (fig. S4, E to

J). Thus, the expansion of mTreg cells selec-

tively alleviated mechanical hypersensitivity

independently of their ability to repair tissue

injury.

Gonadal hormones control the antinociceptive

function of mTreg cells

There are reports of altered X chromosome in-

activation during inflammatory state in females

(13, 14), which suggests that differences in Foxp3

through sex chromosome dosage may contrib-

ute to female-specific function mTreg cells in

nociceptive regulation. We used the four core

genotypes (FCG) mouse model in which go-

nadal sex is independent of sex chromosomes

(15). FCG mice harbor a deletion in the sex-

determining region Y gene (Sry) on the Y chro-

mosome and instead feature an autosomal

transgenic insertion of Sry. This genetic con-

figuration makes it possible to distinguish sex

chromosome dose influence from the contri-

bution of gonadal hormones (Fig. 2I). mTreg
cell depletion in Foxp3-DTRmice crossedwith

FCG mice demonstrated that both XX and XY

gonadal females, but not males, exhibited in-

creased sensitivity after mTreg cell depletion.

This revealed that gonadal hormones, but not

sex chromosomes, mediated the mTreg cell

suppression of mechanical nociceptive thresh-

olds in the absence of nerve injury (Fig. 2, J

and K). XX and XY chromosome gonadal fe-

malemice, but not male mice, displayed intact

mTreg cell expansion–mediated alleviation of

SNI-induced mechanical hypersensitivity (Fig.

2, L to N). Blocking the function of female sex

hormones through ovariectomy or by antago-

nizing estrogen receptor signaling using ful-

vestrant abolishedmTreg cell expansion–mediated

antinociceptive efficacy (Fig. 2, O to Q). Mice

that had undergone ovariectomy and received

both estrogen and progesterone supplements—

but not either hormone individually—reinstated

nociception thresholds comparable to the thresh-

olds of thosemice that had not undergone ovari-

ectomy (Fig. 2, O to Q). On the basis of our

findings, we concluded that there was a con-

sistent sex hormone–dependent contribution

of mTreg cells to themodulation of mechanical

hypersensitivity.

Treg cells express Penk, which encodes the

endogenous opioid peptide enkephalin

Treg cells have increased expression of the Penk

transcript, which encodes for proenkephalin—

a peptide precursor of the analgesic Met- and

Leu-enkephalin peptides (16, 17). Although Penk

is expressed in Treg cells found in the nervous

system (18), whether Treg cell–derived enkephalin

is required for controlling nociception is un-

known. We reanalyzed public RNA sequencing

data of activated Treg cells, resting Treg cells,

as well as activated and resting CD4
+
Foxp3

−

conventional T cells (Tconv cells) (19). We ob-

served that Penk was higher in activated versus

resting Treg cells (Fig. 3A). We also examined

other opioid ligand and receptor genes but

only recorded a very sparse expression of other

opioid-related genes among CD4
+
T cell sub-

sets (Fig. 3B).

Enkephalin signals predominantly through

the delta opioid receptor (dOR), encoded by the

Oprd1 gene, andwith lesser affinity through the

mu opioid receptor (mOR) (20). On the basis of

our prior experience defining mechanical hy-

persensitivity through enkephalin-dOR cir-

cuits in the nervous system, we focused on Treg
cell expression of Penk (21). Using published

assay for transposase-accessible chromatin

with sequencing (ATAC-seq) data (19), we ob-

served more accessible chromatin regions in

the Penk locus in activated Treg cells but not in

other CD4+ T cell subsets. Moreover, this was

similar to accessible chromatin within the pro-

moter and enhancer regions in the Penk locus

from cells of the developing forebrain, an es-

tablished enkephalinergic area of the murine

CNS (Fig. 3C). We found that a proportion of

mTreg cells were positively stained for Met-

enkephalin after cytokine stimulation, but me-

ningeal CD4
+
Tconv cells and lymphoid Treg cells

were not (Fig. 3D). We validated this observa-

tion by generating Penk
Cre
;Rosa26

tdTomato
mice,

which fate-labeled cells where Penk has been

expressed. The frequency of mTreg cells that

had expressed Penk in naïve mice (Fig. 3E)

was similar to the frequency ofMet-enkephalin–

expressing cells determined by intracellular

antibody staining by flow cytometry. Further-

more, very few lymphoid or intravascular Treg
cells were labeled by the fate reporter, con-

firming the tissue-predominant expression of

Penk by Treg cells (fig. S5, A and B). This sug-

gested that enkephalin may have a role in tis-

suemTreg cells specifically. Compared withmale

mice, female mice had greater numbers of fate-

labeled enkephalin-positive Treg cells in the me-

ninges but not in the lymphoid organs (Fig. 3F

and fig. S5C). Ovariectomy decreased the over-

all number ofmTreg cells aswell as the number

of Penk fate-labeled mTreg cells in female mice

(fig. S5, D and E). This distinction suggested

that differences in Treg cells between the sexes

may be tissue specific.

mTreg cell–derived enkephalin is required for

restraining nociception

Enkephalin is rapidly degraded in the blood

but persists in the cerebrospinal fluid (CSF)

and nervous system tissues (22, 23). Recent

evidence has suggested that meningeal im-

mune cell–derived factors regulate behavior

through secreted factors in the CSF (24, 25).

Furthermore, factors in the CSF can modu-

late neuronal activity to promote pain (22). In

micewheremTreg cells were depleted, enkeph-

alin protein was not detected in the CSF; how-

ever, treating mice with IL-2 IT increased its

protein level in the CSF (Fig. 3G). After SNI,

there was an increase in Penk transcripts by

mTreg cells and also in the proportion of Penk

fate labeling among mTreg cells (fig. S5, F and

G) Analyzing data from the Immunological Ge-

nome project (26), we found that in vitro Treg
cells were themost prominent immune express-

ors of Penk (fig. S5H), and we validated that

they could secrete enkephalin upon stimula-

tion (fig. S5I).

To manipulate the enkephalin lineage of im-

mune cells, we generated bonemarrow chimeric

mice by transplanting Penk
Cre

;Rosa26
DTR

bone

marrow into irradiated, congenically marked

wild-type (WT) mice (PenkDTR
Dheme

). This strat-

egy enabled a selective DT-induced deple-

tion of hematopoietic enkephalinergic cells

and spares nonhematopoietic enkephalinergic

cells of the nervous system and the stroma.

with XX (white) or XY (pink) chromosomes. N = 4 to 9 mice per group.

(L and M) Nociceptive thresholds of WT FCG female (n = 7 to 8 mice per

group) (L) and male (n = 7 to 8 mice per group) (M) mice after low-dose IL-2

injections 4 weeks after SNI. (N) Antinociceptive efficacy determined as post–

IL-2 injection threshold divided by preinjury, basal mechanical threshold in

male and female mice with XX (white) or XY (pink) chromosomes. (O) Outline

of experiment. (P) Nociceptive thresholds of sham or ovariectomized (OVX)

female mice after low-dose IL-2 injections 4 weeks after SNI, and injected

with either vehicle, fulvestrant, estrogen (E2), progesterone (P4), or both

estrogen and progesterone; 5 to 10 mice per group. (Q) Antinociceptive efficacy

determined as post–IL-2 injection threshold divided by preinjury mechanical

threshold in female mice with hormone manipulation. In graphs (F), (G), (H),

(K), (L), (M), (N), (P), and (Q), individual data points show data for one

mouse, and bars show means ± SEMs. In graphs (B), (C), (D), and (J), individual

data points show means ± SEMs. Statistics were calculated by two-way

ANOVA with Sidak’s test for multiple comparisons [(B), (C), (D), and (J)],

unpaired two-tailed Mann-Whitney test (F), Wilcoxon matched-pairs signed

rank test [(G), (H), (L), (M), and (O)], or Kruskal-Wallis with Dunn’s multiple

comparisons test [(K), (N), and (P)]. ns, not significant; *P < 0.05; **P < 0.01;

***P < 0.001.
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Fig. 3. mTreg cell–derived en-

kephalin gates nociception.

(A and B) Volcano plot of transcription

fold change of activated Treg (aTreg)

versus resting Treg (rTreg) cells (A) and

heatmap of relative expression

value of aTreg, rTreg, and activated

and resting CD4+ CD25− conventional

T cells (aTconv and rTconv cells) from

public dataset GSE154680 (n = 3)

(B). (C) Averaged ATAC-seq of open

chromatin accessibility peaks on

the Penk locus in different T cell

subsets (n = 4 per group; GSE154680)

compared with ATAC-seq and histone

modification chromatin immuno-

precipitation with sequencing (ChIP-

seq) from public ENCODE dataset

of the p0 developing forebrain, a

known enkephalinergic region.

(D) Representative stimulated mTreg
cells, meningeal CD4+ T cells (mTconv
cells) from WT mice, or Penk−/−

mTreg cells (control). (E) Represent-

ative flow cytometry plots (from

n = 5 mice) of Treg cells frommeninges

or secondary lymphoid organs

(SLOs) from PenkCreRosa26tdTomato

mice. Pink represents nonvascular

tissue Treg cells from transgenic

Penk lineage reporter mice, gray

represents vascular Treg cells in

reporter mice, and blue corresponds

to tissue Treg cells from nontrans-

genic control mice. Gating strategy

is provided in fig. S1. (F) Number

of enkephalin lineage fate reporter–

positive tissue mTreg cells in male

and female mice; n = 8 mice per

group. (G) Quantification of enkeph-

alin in mouse CSF after vehicle (pink)

IT SLO injection, two pegDT (black)

IT injections, or three IL-2 (white) IT

injections in Foxp3-DTR female mice.

Each circle represents samples

pooled from five mice with n = 5

to 7 pooled samples per group.

(H to K) Bone marrow chimera of

PenkCreRosa26DTR bone marrow→

WT recipients. Nociceptive thresholds

after a single pegDT (pink) or

vehicle (white) IT injection in female

(n = 4 to 5 mice per group) (H)

and male (n = 4 mice per group) (I)

mice. Nociceptive response to 0.008 g of von Frey filament after SNI and pegDT (pink) or vehicle (white) IT injection in female (n = 4 to 5 mice per group) (J) and male

(n = 4 mice per group) (K) mice. (L and M) Female Foxp3Cre-ERT2/Cre-ERT2;Penkfl/fl mice. Nociceptive thresholds of mice before and after tamoxifen injections (L) and

percent nociceptive responses after SNI (M). n = 8 mice per group in (L) and (M). (N and O) Female mixed bone marrow chimeras of Foxp3-DTR + Penk−/− (1:1)

bone marrow→ WT recipients. (N) Nociceptive thresholds of mice after a single pegDT (pink) or vehicle (white) IT; n = 9 to 10 per group. (O) Percent nociceptive

responses in SNI mice after pegDT (pink) or vehicle (white) IT injections; n = 10 mice per group. In graphs (F), (G), (J), (K), (M), and (O), individual data points show

data for one mouse, and bars show means ± SEMs. In graphs (H), (I), (L), and (N), individual data points show means ± SEMs. Statistics were calculated by unpaired

two-tailed Mann-Whitney test [(F), (J), (K), (M), and (O)], Kruskal-Wallis with Dunn’s multiple comparisons test (G), or two-way ANOVA with Sidak’s test for multiple

comparisons [(H), (I), (L), and (N)]. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Administering pegDT IT to PenkDTR
Dheme

chimeric mice decreased mTreg cell num-

bers (fig. S5, J to L) and led to a profound

female-specific mechanical hypersensitivity

in both uninjured and nerve-injured states

(Fig. 3, H to K).

Having established a female-specific contri-

bution of hematopoietic enkephalinergic cells

to nociception, we used female mice to dissect

themechanismof pain regulationbymTreg cells.

To establish whether bone marrow–derived en-

kephalin was required for the regulation of

nociceptive thresholds, we generated chimeric

mice in which Penk-deficient bone marrow was

transplanted into irradiated hosts (Penk
Dheme

mice). Penk
Dheme

mice displayed decreased me-

chanical nociceptive thresholds in the uninjured

state compared with controls (fig. S5M). Adop-

tive transfer of Penk-sufficient CD4
+
T cells

into Rag2
−/−

female mice with SNI induced ro-

bust antinociception, and deltorphin II, a dOR

agonist, successfully reversed the mechanical

hypersensitivity that followedmTreg cell deple-

tion (fig. S5, N and O). On the basis of these

studies, we concluded that hematopoietic cell–

derived enkephalin regulates dOR signaling

and was downstream of meningeal Treg cell–

derived enkephalin release.

To investigate the contribution of Treg cell–

derived enkephalin in mediating mechan-

ical nociceptive thresholds, we generated

Foxp3
Cre-ERT2/Cre-ERT2

;Penk
fl/fl

(Penk
DTreg

) mice.

Female Penk
DTreg

mice displayed increased

mechanical hypersensitivity both in non–nerve-

injured and nerve-injured states, which sug-

gests that Treg cell–derived enkephalin controls

nociception (Fig. 3, L and M). We generated

mice with mixed bone marrow chimeras using

a 1:1 ratio of Foxp3-DTR and Penk
−/−

bone mar-

rows transplanted into irradiated WT mice.

IT pegDT injection into these mice resulted in

mTreg cell–specific Penk deficiency (Penk
DmTreg

mice) because all Penk
+/+

Treg cells express DTR

and are thus ablated by DT administration.

Non–nerve-injured, uninjected mixed chimeric

mice exhibited similar mechanical thresholds

as those of irradiated WT mice transplanted

with WT bone marrow (WT
Dheme

) (Fig. 3N).

PegDT IT injection to deplete mTreg cells in

Penk
DmTreg

mice increased mechanical sensi-

tivity in uninjured and nerve-injury conditions

compared with controls (Fig. 3, N and O). Thus,

these data supported the conclusion that mTreg
cell–derived enkephalin controls nociception.

Treg cell–derived enkephalin is dispensable

for immune suppression

Enkephalin has been linked to skewing of the

inflammatory response or tissue injury (27, 28).

To test the possibility that Treg cell–derived en-

kephalin mediates the suppression of nocicep-

tion by modulating immunological responses,

we tested the mechanical nociceptive thresh-

olds of lymphocyte-deficient Rag2
−/−

female

mice compared with immunocompetent litter-

mates. We observed decreased mechanical pain

thresholds inRag2
−/−

mice comparedwith their

Rag2
+/+

and Rag2
+/−

littermates (fig. S6A). This

finding suggested a mechanism of Treg cell–

mediated control of nociceptive thresholds that

is independent of lymphocyte-driven inflamma-

tion. Because macrophages also contribute to

nociception (29), we depleted macrophages in

mice using liposomal clodronate. Depletion of

macrophages did not reverse the mechanical

hypersensitivity observed in female mice de-

ficient in mTreg cells (fig. S6B).

Further, we observed no difference in the sup-

pressive capacity of Penk
−/−

Treg cells compared

with control Treg cells in suppressing Tconv cell

proliferation in vitro (fig. S6, C and D). We also

did not observe a competitive advantage or dis-

advantage among Penk
−/−

CD4
+
T cells across

various tissues after SNI (fig. S6, E to G). There

were no differences in effector or regulatory

T cell differentiationbetween thePenk-sufficient

or -deficient T cells (fig. S6H). Similarly, Penk
DTreg

mice showed no alterations in CD4
+
T cell dif-

ferentiation, spleen size, or weight changes after

SNI (fig. S6, I to M).

Using a graft-versus-host disease (GVHD)

model, we assessedwhether Treg cell–derived en-

kephalin was required for suppressing immune

responses. T helper responses, as judged by the

expression of IL-17 or interferon-g (IFN-g) by

Tconv cells, were induced in mice transferred

with activated Tconv cells in the absence of Treg
cells (fig. S6N). Mice that received additional

transfers of either Penk
+/+

or Penk
−/−

Treg cells

equally suppressed the frequency of Tconv cells

expressing IL-17A or IFN-g and mitigated

weight loss (fig. S6, N and O). Neither hema-

topoietic cell–derived enkephalin nor enke-

phalinergic bone marrow hematopoietic cells

were required to restrain T cell differentiation,

spleen size, or weight loss after GVHD or SNI

(fig. S7, A to H). Rather, we proposed that Treg
cells suppressed pain hypersensitivity through

a mechanism independent of their role in

immunosuppression.

Tissue compartmentalization of sexually

dimorphic Treg cell–mediated antinociception

Systemic depletion of Treg cells worsens no-

ciception after nerve injury, regardless of sex

(5, 6). Rag2
−/−

female and male mice both dem-

onstrated increased mechanical sensitivity com-

pared with their littermate controls (figs. S6A

and S8A). Unlike mTreg cell depletion, which

selectively induces hypersensitivity in females,

systemic depletion of Treg cells induced hyper-

sensitivity in both sexes in the absence of a

nerve injury (fig. S8, B and C). Deficiency of

enkephalin in all Treg cells increasedmechanical

hypersensitivity both before and after nerve

injury (fig. S8, D and E). These findings in-

dicated that Penk expression in peripheral Treg
cells regulated pain sensing independently of

sex but that meningeal Treg cell expression of

Penk regulated nociception only in females.

dOR signaling on MrgprD+ neurons

orchestrates the antinociceptive function of

mTreg cells

Previously, we have demonstrated a divergence

of expression and function of dOR and mOR in

mediating distinct pain modalities (21). Spe-

cifically, the dOR predominates on nonpepti-

dergic IB4
+
unmyelinated as well as myelinated

primary afferents and selectively regulatesme-

chanical hypersensitivity (21). Conversely, the

mOR is expressed on Trpv1
+
nociceptors and

selectively regulates heat pain hypersensitivity.

In addition, spinal dOR-expressing neurons can

dampen mechanical hypersensitivity (30, 31).

Using a stable cell line expressing the dLight

dOR biosensor, an engineered dOR receptor

that emits a fluorescent signal upon direct re-

ceptor engagement (20), we confirmed that

deltorphin II and cell culture supernatants

from stimulated Treg cells stimulated through

their antigen receptor can engage the dOR

(Fig. 4A and fig. S9, A to D). By contrast, su-

pernatant taken from stimulated Penk
−/−

Treg
cells did not induce a signal from the dOR bio-

sensor (Fig. 4A and fig. S9D). Although selec-

tive pharmacological blockade of the dOR by IT

injection of naltrindole did not alter mechan-

ical sensitivity in uninjuredmice, it diminished

the antinociceptive efficacy of IL-2 treatment

after SNI (Fig. 4B and fig. S9, E and F).

To assess the role of peripheral nervous sys-

tem (PNS) or CNS dOR (Oprd1) circuits in co-

ordinating the antinociceptive effect of mTreg
cells, we intravenously injected dOR-sufficient

(Oprd1
+/+

) control and Oprd1
fl/fl

mice with

adeno-associated viruses (AAVs) that have pref-

erential neurotropism for the PNS or CNS (32).

This approach selectively introduces Cre re-

combinase and targets the deletion of dOR in

the PNS or CNS, respectively (fig. S9, G andH).

We found that dOR deletion in the nervous sys-

tem compartments did not alter mechanical

nociceptive thresholds in uninjuredmice, con-

sistent with the existing literature (fig. S9I)

(33, 34). However, mice selectively lacking dOR

in the PNS, but not the CNS, lost the capacity

to respond to the antinociceptive effect of IL-2

post-SNI (Fig. 4, C and D). We concluded that

a sensory neuron–expressed, presynaptic dOR

mediated mTreg cell suppression of mechan-

ical pain hypersensitivity after nerve injury.

Previous studies of dOR expression in DRG

neurons using Oprd1
eGFP

mice have revealed

that around half of the reporter-positive cells in

the DRGs are myelinated neurons, and ~36%

are IB4
+
neurons that express the MrgprD re-

ceptor (MrgprD
+
cells) (21). Using published

single-cell RNA sequencing data (35, 36), we

found that MrgprD
+
DRG neurons expressed

Oprd1 and other receptors for ligands expressed

by Treg cells (Fig. 4E). We found that 39% of
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Fig. 4. dOR on MrgprD+ sensory neurons orchestrates mTreg cell–mediated

antinociception. (A) HEK-dLight activation upon WT (pink) or Penk−/− (yellow)

Treg cell supernatant application; n = 3 biological replicates. (B) Antinociceptive

efficacy of low-dose IL-2 IT in WT SNI female mice given naltrindole (selective

dOR antagonist) or vehicle. Antinociceptive efficacy calculated as ratio of

post–IL-2 thresholds compared with preinjury threshold. n = 5 to 8 mice per

group. (C) Nociceptive thresholds and IL-2 antinociceptive efficacy of female

mice lacking Oprd1 in the PNS after mTreg cell expansion compared with

controls. n = 5 mice per group for all graphs. (D) No difference in nociceptive

thresholds in female mice lacking Oprd1 in the CNS after mTreg cell expansion

compared with controls. n = 3 to 4 mice per group. (E) Heatmap of row-

normalized expression from DRG sensory neurons clusters from combined

GSE139088 and GSE201653. (F) Proportions of sensory neuron clusters

expressing Oprd1 from (E). (G) Representative flow cytometry plot of dOR-GFP

(green) expression on IB4+ MrgprD+ DRG sensory neurons compared with

cells from nonreporter mice (purple); n = 3 mice. Gating strategy is provided in

fig. S9J. Overlaid are lymphoid CD45+ CD90.2+ cells and myeloid CD45+

CD11b+ cells from the DRGs. (H) Schematic and representative images of in vivo

MrgprD+ sensory neurons of L4 to L6 DRGs showing tdTomato and processed

change in GCaMP6 signal after stimulus subtracted by baseline signal
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sensory neurons expressed the Oprd1 transcript

(Fig. 4F), matching previous proportions de-

termined using Oprd1
eGFP

reporter mice (21).

Profiling the expression of the Oprd1
eGFP

re-

porter on DRG cells confirmed green fluores-

cent protein (GFP) expression specifically on

IB4
+
MrgprD+ sensory neurons. We did not

detect Oprd1
eGFP

expression by broadly de-

fined lymphoid andmyeloid cells (Fig. 4G and

fig. S9J). Sensory neurons, including the IB4
+

subset, which were virally encoded to express

the dOR biosensor dLight, were capable of

dOR activation using Met-enkephalin in vitro

(fig. S9, K and L).

Previously, dOR signaling has been shown

to suppress voltage-gated calcium channels in

presynaptic sensory neurons, including IB4
+

sensory neurons (31). We generated mice ex-

pressing a genetically encoded calcium indicator

coupled to a tdTomato reporter in the MrgprD
+

sensory neuron population (Fig. 4H). IT ad-

ministration of IL-2 reduced calcium activity

in MrgprD
+
neurons in response to von Frey

fiber stimulation of the injured hind paw (Fig.

4, I to K, and fig. S9, M to O). We generated

mice in which MrgprD
+
neurons lacked expres-

sion of the dOR (Oprd1
cKO

). Female Oprd1
cKO

mice exhibited exaggerated reflexive and spon-

taneous nocifensive behaviors after SNI com-

pared with controls but not in the uninjured state

(Fig. 4, L and M, and fig. S9P). Furthermore,

Oprd1
cKO

female mice with SNI did not respond

to the antinociceptive efficacy of deltorphin II

and of IL-2 (Fig. 4, N to P). We concluded that

mTreg cell–derived enkephalin acted through

the dOR specifically expressed by MrgprD
+
sen-

sory neurons, mediating the antinociceptive

effect of mTreg cells after nerve injury.

Discussion

We describe a sexually dimorphic pain inhib-

itory circuit between Treg cells residing in the

nervous system and sensory neurons. Given

the limited number of Treg cells in the healthy,

young CNS parenchyma, we refer to the en-

kephalinergic Treg cell population located in

the CNS border tissues as mTreg cells, but we

acknowledge their potential ability to migrate

between the meninges and the CNS under spe-

cific conditions (37). Using strategies to deplete

or expand Treg cells within the meningeal com-

partment, we find that mTreg cells gate cutane-

ous mechanical hypersensitivity by modulating

nociceptive processing. The pain-modulating

function of mTreg cells is sex selective and reg-

ulated by female gonadal hormones.

Although proenkephalin expression by T cells

has been identified in various tissues (16, 17), the

functional assessmentofMet- andLeu-enkephalin

in modulating nociception by altering sensory

neuron activity has been limited. Recent work

has highlighted potential avenues for bidirec-

tional communication between Treg cells and

sensory neurons (38, 39). We conclude that

mTreg cell–secreted enkephalin acts on dORs

on primary sensory neurons to selectively re-

duce neuronal calcium activity and mechanical

hypersensitivity. Our analysis uncovered a sen-

sory modality–selective function of mTreg cells,

consistent with prior findings of dOR agonism,

specifically providing relief of mechanical but

not heat hypersensitivity (21). In line with

both human and rodent studies, we found that

antagonizing or depleting the dOR in the ab-

sence of injury or inflammation did not alter

mechanical sensitivity, which suggests that

there is no endogenous dOR-mediated control

of nociception in the absence of nerve injury

(33, 40). This suggests that there are other

mechanisms to control pain sensing in the

naïve state, such as alternative Penk peptide

splicing by homeostatic Treg cells, engagement

of otheropioid receptors by enkephalinat steady

state, or the need for an inflammatory stimu-

lus to drive dOR trafficking at the neuronal cell

surface (41).

The engagement of dOR on MrgprD
+
sen-

sory neurons by mTreg cell–derived enkephalin

selectively reduced mechanical hypersensitiv-

ity after tissue insult or nerve injury. Treg cells

may further suppress nociception through

parallel pathways within peripheral injured

tissues (6, 35, 38). Our findings illustrate a

sexually dimorphic pain regulatory mecha-

nism driven by the adaptive immune system

and establish mTreg cells as key regulators

of endogenous opioid tone and nociceptive

processing.
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ANIMAL COMMUNICATION

Extensive compositionality in the vocal system
of bonobos
M. Berthet1,2,3*, M. Surbeck4,5†, S. W. Townsend1,2,3,6†

Compositionality, the capacity to combine meaningful elements into larger meaningful structures, is a

hallmark of human language. Compositionality can be trivial (the combination’s meaning is the sum

of the meaning of its parts) or nontrivial (one element modifies the meaning of the other element). Recent

studies have suggested that animals lack nontrivial compositionality, representing a key discontinuity with

language. In this work, using methods borrowed from distributional semantics, we investigated

compositionality in wild bonobos and found that not only does each call type of their repertoire occur in at least

one compositional combination, but three of these compositional combinations also exhibit nontrivial

compositionality. These findings suggest that compositionality is a prominent feature of the bonobo vocal

system, revealing stronger parallels with human language than previously thought.

A
quintessential feature of human language

is the capacity to combine elements. For

example, morphemes can be combined

intowords (e.g., “bio”+ “logy”= “biology”)

or words into sentences (“Biology is in-

teresting”). This is possible because of com-

positionality, whereby meaningful units are

combined into larger structures whose mean-

ing is determined by themeanings of the parts

and the way they are combined (1, 2).

Compositionality can take two forms. In its

“trivial” (or “intersective”) version, each element

of the combination contributes to the mean-

ing of the whole independently of the other ele-

ment, and the combination is interpreted by

the conjunction of its parts (3–5). For example,

“blond dancer” refers to a person who is both

blond and a dancer; if this person is also a

doctor, we can infer that they are a blond doc-

tor as well. However, compositional syntax can

also be “nontrivial” (or “nonintersective”): The

units constituting a combination do not con-

tribute independent meaning, but instead,

they combine so that one part of the combina-

tionmodifies the other (3, 4). For example, the

meaning of the expression “bad dancer” does

not refer to a bad person who is also a dancer.

Indeed, if this person is also a doctor, we can-

not infer that they are a bad doctor. Here, “bad”

does not have a meaning independent from

“dancer”; rather, it complements it (3–5).

Compositionality as a phenomenon might

not be unique to human language. Numerous

studies in birds and primates have demonstrated

that animals are capable of combining mean-

ingful vocalizations into trivially compositional

structures (6–8). To our knowledge, however, un-

ambiguous evidence of nontrivial composition-

ality in animals from systematically collected

quantitative data is still lacking (3, 9–16).

In this work, we provide robust empirical

evidence for the presence of nontrivial com-

positionality in wild bonobos (Pan paniscus).

First, we leveraged a framework established by

Berthet et al. (2) that investigates meaning by

considering all aspects of context that co-occur

with the emission of the signal. This approach

defines the meaning of a signal as the set of

features of circumstances (FoCs) that appear

at a rate greater than chance across the signal’s

occurrences (2). We recorded 700 wild bonobo

calls and call combinations (hereafter, vocal

utterances; table S1) and systematically col-

lected more than 300 FoCs for each utterance

(see materials andmethods and table S2). Sec-

ond, using amethod adapted fromdistributional

semantics, a linguistic approach that quanti-

fies meaning similarities between words (17),

we used these FoCs to map bonobo utterance

types within a multidimensional space (here-

after, semantic space) and quantify meaning

similarities between utterance types.

Last, to investigate whether the bonobo call

system is compositional, we applied a multistep

process previously used by Trujillo and Holler

to identify nontrivial compositionality in human

multimodal communication (12). Under this ap-

proach, a combination AB is considered compo-

sitional if (i) the meaning of A is distinct from

that of B, (ii) themeaning of AB is different from

that of A and that of B, and (iii) the meaning of

AB is derived from themeaning of A and B. The

fourth step determineswhether a compositional

combination is trivial or nontrivial. More precise-

ly, the combination AB represents a nontrivial

compositional structure if it is compositional

[i.e., it fulfils criteria (i) to (iii)] and if (iv) the

meaning of AB is different from the meaning of

A+B (see fig. S1 for an explicit visualization of the

process). Our study shows that all seven bonobo

call types that were considered in our analysis

combine into four compositional structures, of

which three exhibit nontrivial compositionality.

Results

Semantic space of bonobo utterances

We adapted a distributional semantics frame-

work to investigate the meaning of bonobos’

call combinations in relation to single calls.

Distributional semantics is based on the dis-

tributional hypothesis, which states that words

with close meanings are used in similar con-

texts (17). Distributional semantics represents

word meaning in a semantic space by con-

verting each word into a vector so that rela-

tionships between words can be quantified

using geometric relations (18). We estimated

similarities between single call types and call

combinations of wild bonobos using a multi-

ple correspondence analysis (MCA) performed

on the FoCs. The MCA is similar to a principal

components analysis (PCA) but is conducted

on categorical data: It performs a dimension

reduction and then quantifies the statistical

relationship between a specific utterance type
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and several FoCs (19) (see materials andmeth-

ods). We found that the first five dimensions

of the MCA explained about 24% of the var-

iance in the data (15.00 + 3.12 + 2.46 + 2.18 +

2.14%). These five dimensions were used to

create a semantic space in which each utterance

wasmapped using five-dimensional coordinates

(Fig. 1 and figs. S2 to S4). Utterances with a

similar meaning are closer to each other in the

semantic space than utterances with a different

meaning. These five-dimensional coordinates

were used for the remaining analyses.

Compositionality analysis

After mapping the meaning of each call type

and each combination, we investigated whether

the combinations were nontrivially composi-

tional. For this, we used a step-by-step process

described in Trujillo and Holler (12).

Chance value

For each call type, we calculated a chance

value representing the minimum Euclidian

distance required to conclude that another

utterance type has a different meaning from

that call type. This later allowed us to de-

termine whether distances between call types

and/or combinations are greater than ex-

pected compared with the natural variance of

the meaning of the single calls (table S3 and

materials and methods).

(i) The meaning of A is different from the

meaning of B

We investigated whether the single calls had

significantly differentmeanings from each other.

To do so, we calculated, for each possible pair

of single calls, the difference between (i) the

Euclidian distance separating the single calls

and (ii) the mean of the chance value of the

calls.We then assessedwhether this difference

was overall significantly different from zero

using a one-sample t test.

The meanings of call types were significantly

different from each other (t20 = 4.63, p < 0.001).

Specifically, all call types had a differentmeaning

from each other except for three: Low-hoot had a

similar meaning to Peep-yelp and Yelp (Fig. 2)

because the difference between the pairs of call

types and the mean chance value of the calls

was less than zero (table S4).

(ii) The meaning of AB is different from the

meaning of A and the meaning of B

We then investigated whether the call com-

binations had a different meaning from that

of their constituents. To this end, we calculated,

for each possible pair of one combination and

Grunt

Grunt_YelpHigh-hoot

High-hoot_Low-hoot

High-hoot_Peep-yelp
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Fig. 1. First two dimensions of the semantic space of bonobos’ vocal repertoire. Call types and combinations are plotted in a semantic space based on their

inferred meaning (i.e., the FoCs associated with their emission). Utterances that have a similar meaning (i.e., that are emitted in similar contexts) are closer to each

other than utterances emitted in different contexts. Combinations (in blue) are in the form A_B.
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one constituting call type of that combination,

the difference between (i) the Euclidian distance

separating the combination and its constituting

call type, and (ii) the chance value of the con-

stituting call type. We then assessed whether

this difference was overall significantly dif-

ferent from zero using a one-sample t test.

Themeaning of combinationswas significantly

different from themeaning of their constituents

(t37 = 7.36, p < 0.001). Specifically, all combina-

tions had a meaning different from their con-

stituting call types, except for two: Peep-yelp_

Peep and Peep-yelp_Yelp (Fig. 3 and table S5).

(iii) The meaning of AB is derived from the

meaning of A and B

We investigated whether the meaning of the

combinations was derived from the meaning

of their elements. Following Trujillo and Holler

(12), we calculated whether the meaning of a

combination was closer to that of its constit-

uent elements than any other element. Stated

another way, we calculated whether the Eu-

clidean distance between a combination and

the call types constituting it was smaller than

the distance between a combination and any

other call type. For this, we calculated the pair-

wise Euclidian distance separating every single

call fromevery combination.We then rana linear

model with distance as the dependent variable,

andan interactionbetween the combination type

(e.g., Yelp_Grunt) andwhether the single call was

a part of the combination (here termed the

“relationship variable”) as independent variables.

The meaning of combinations was closer to

that of their constituents at the repertoire level:

A likelihood ratio test detected a difference

between the fullmodel and its reduced version

(i.e., the model without the relationship varia-

ble) (F19,95 = 2.13, p < 0.01). Specifically, posthoc

analyses revealed that, for four combinations,

the distance separating the combination from

its constituting call types was smaller than the

distance separating the combinations from call

types that do not constitute it: High-hoot_Low-

hoot (t95 = 2.07, p = 0.04), Peep_Whistle (t95 =

2.70, p < 0.01), Peep-yelp_High-hoot (t95 = 2.17,

p = 0.03), and Yelp_Grunt (t95 = 3.17, p < 0.01)

(Fig. 4 and table S6). Because these four com-

binations fulfil criteria (i) to (iii), they are all

considered compositional.

(iv) The meaning of AB is different from

the meaning of A+B

Finally, we investigated whether the four afore-

mentioned compositional combinations were

explained by trivial or nontrivial composition-

ality (12). We expected combinations exhibiting
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Grunt

High-hoot

Low-hoot

Peep

Peep-yelp

Whistle

Yelp

G
ru

nt
_Y

el
p

H
ig
h-

ho
ot

_L
ow

-h
oo

t

H
ig
h-

ho
ot

_P
ee

p-
ye

lp

Lo
w
-h

oo
t_

H
ig
h-

ho
ot

P
ee

p_
G
ru

nt

P
ee

p_
P
ee

p-
ye

lp

P
ee

p_
W

hi
st
le

P
ee

p_
Y
el
p

P
ee

p-
ye

lp
_G

ru
nt

P
ee

p-
ye

lp
_H

ig
h-

ho
ot

P
ee

p-
ye

lp
_P

ee
p

P
ee

p-
ye

lp
_W

hi
st
le

P
ee

p-
ye

lp
_Y

el
p

W
hi
st
le
_H

ig
h-

ho
ot

W
hi
st
le
_P

ee
p

W
hi
st
le
_P

ee
p-

ye
lp

Y
el
p_

G
ru

nt

Y
el
p_

P
ee

p

Y
el
p_

P
ee

p-
ye

lp

Euclidean
distance

≤ 0

0-0.5

0.5-1

1-1.5

> 1.5

Fig. 3. Meaning differences between a combination A_B and its constituting call types A and B. Meaning differences between a combination A_B (e.g.,

Grunt_Yelp) (x axis) and its constituting call types A (e.g., Grunt) and B (e.g., Yelp) (y axis), represented as whether the Euclidean distance between the combination

and a constituting call type is different from the chance value of this call type. Combinations whose meaning overlaps with one of its constituting call types

have a Euclidian distance of zero or less with that call type (in black).

RESEARCH | RESEARCH ARTICLES

106 4 APRIL 2025 • VOL 388 ISSUE 6742 science.org SCIENCE



nontrivial compositionality to have a meaning

different from adding the meaning of their

parts. Following Trujillo et al. (12), we built a

hypothetical additive combination by adding

the coordinates of the constituting single call

types. We then calculated the difference be-

tween (i) the Euclidian distance separating

the combination and the additive combination

and (ii) the mean chance value of the constitut-

ing call types of that combination. If that differ-

ence was greater than zero, we concluded that

the combination exhibited nontrivial compo-

sitionality. Stated another way, we added the

coordinates of A and B to create an A+B vector

and calculated whether the Euclidean distance

between A+B and AB was different from the

mean chance value of A and B.

For all compositional combinations except

Yelp_Grunt, the difference was greater than

zero (High-hoot_Low-hoot: 0.42; Peep_Whistle:

0.36; Peep-yelp_High-hoot: 0.21). For Yelp_

Grunt, the distance between the combination

and an additive combination was not greater

than the mean chance value (−0.02). That is,

Yelp_Grunt exhibited trivial compositionality,

whereas High-hoot_Low-hoot, Peep_Whistle,

and Peep-yelp_High-hoot exhibited nontrivial

compositionality.

Meaning of the utterances

In the final step, we derived a tentative mean-

ing for the single calls and the combinations to

illustrate how single calls combine into struc-

tures whose meaning is derived from themean-

ing of their parts. We extracted the meaning

of each utterance type by determining which

set of FoCs is associated with the utterance

type at the repertoire level (see materials and

methods). Results are summarized in tables

S7 and S8.

The semantic analysis of the Grunt suggests

that it signals the ongoing activity of the caller.

Because Grunts are given in a large variety of

contexts (during grooming, resting, moving,

feeding), theymay signal that others should look

at the caller to coordinate activities (“Lookatme,”

in close interactions). High-hoots are emitted in

different contexts andseemto signal thepresence

or locationof the caller, especially in long-distance

settings or dangerous situations (“Pay attention

tome,” for a largeraudienceormoreconsiderable

distances than theGrunts). The Low-hoots seem

related to high-arousal situations, such as the

construction of the night nest (20) (“I am ex-

cited”). The semantic analysis suggests that Yelps

and Peeps have similar meanings, used as im-

peratives to coordinate social activities. How-

ever, Peeps seem to be more used as suggestions

rather than strong imperatives: They are less

associated with changes in behaviors in the

audience and sometimes elicit vocal responses,

which could suggest a quorum-based or “voting-

like” system (“I would like to…”). Conversely,

Yelps are associated with changes in the be-

haviors of the audience and no vocal response,

suggesting that Yelps are more of a rigid im-

perative (“Let’s do that”). The meaning of the

Peep-yelp also varies with the context. It ismain-

ly given during group encounters or when build-

ing night nests, maybe to coordinate intergroup

interactions and encourage other parties to join

(“Join!”). Finally, theWhistles seemto coordinate

the spatial cohesion of the group (“Let’s stay

together”).

The Yelps (“Let’s do that”) and Grunts (“Look

at me”) can be combined into the trivial com-

positional structure Yelp_Grunt, which seems

to incite others to build a night nest. TheHigh-

hoot (“Pay attention to me”) can be combined

with the Low-hoot (“I am excited”) into a non-

trivial compositional combination High-hoot_

Low-hoot, which is used when another indi-

vidual is displaying, maybe to elicit a reaction

in the audience (recruitment, “Pay attention to

me because I am in distress”) or to stop the

display behavior of the other individual. The

Peep (“I would like to…”) can be combined

with theWhistle (“Let’s stay together”) into a

nontrivial compositional combination, Peep_

Whistle, which is used in sensitive social con-

texts, for example, during copulations or dis-

plays, maybe to attract attention or assert rank.

Finally, the Peep-yelp (“Join!”) can be combined

with the High-hoot (“Pay attention to me”) into

the nontrivial compositional structure Peep-

yelp_High-hoot, which seems to be used to co-

ordinate with other parties before traveling.

Discussion

In this study,we assessedwhether bonobos com-

bine calls into larger compositional structures.

Using a holistic investigation of meaning de-

rived from distributional semantics combined

with a method for identifying compositionality

in multimodal human language (12), we found

that bonobos can combine all their calls into

four compositional structures, of which one is a

case of trivial compositionality (Yelp_Grunt)

and three (High-hoot_Low-hoot, Peep_Whistle,

Peep-yelp_High-hoot) are cases of nontrivial

compositionality.

* ** * **
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Our findings have three important implica-

tions. In humans, compositionality is essential

for generativity, a crucial hallmark of language

by which speakers can combine a finite set of

elements into an infinite number of combina-

tions that others can understand (21). Although

most investigations of the compositional capaci-

ties of nonhuman species have been limited to

one specific combination of a vocal system [for

example, (6, 7, 22, 23)], our study suggests that,

in bonobos, this capacity is not restricted to a

few isolated combinations. Indeed, each of the

seven call typeswe investigated here represents

a building block of a compositional structure.

The first implication of our work is therefore

that, akin to human language, compositional-

ity is a pervasive component of bonobos’ vocal

communication.

Second, our data provide robust empirical

evidence that nonhuman animals engage in

nontrivial compositionality. In human language,

nontrivial compositionality is particularly im-

portant in facilitating generativity by allow-

ing meaningful elements to be combined into

novel, nonadditive structures like “bad dan-

cer,” where the meaning of the whole is more

than the meaning of its parts (12). Although a

number of studies have demonstrated that

animals can also combine meaningful vocal-

izations compositionally [see review in (8)],

to our knowledge, no study to date has em-

pirically shown that animals engage in com-

plex nontrivial compositionality akin to that

observed in human language (11, 13, 24). Our

results indicate that nontrivial compositional-

ity is not limited to humans and that bonobos,

our closest living relative, also engage in non-

trivial compositionality.

The extent to which our findings can inform

the evolutionary roots of linguistic composi-

tionality is yet to be determined. One inter-

pretation of the data could be that nontrivial

compositionality can be traced as far back as

the last common ancestor of bonobos and hu-

mans, 7 million to 13 million years ago (25). It

is also possible that the absence of evidence in

other species has been hampered by the lack

of appropriate methods. Indeed, as we show

here, detecting (nontrivial) compositionality

largely depends on the capacity to reliably as-

sessmeaning and detect compositionality across

an entire repertoire. Hence, a third important

implication of our work is that we present a

method for reliably inferring the meaning of

all the signals of an animal’s repertoire with

minimal human judgment. This method can

theoretically be applied to any taxa and any

communication system (e.g., gestures, facial

expressions, multimodal signals) to build a

systematic survey of meaning and composi-

tionality across species, ultimately allowing for

a comprehensive investigation of the evolu-

tionary pressures driving the evolution of these

capacities.

It is worth noting that our study does not

come without limitations, which might ex-

plain why the meaning of some utterance types

(e.g., Low-hoots or Yelp_Grunts) are difficult to

translate into human-relevant concepts. First,

some meanings might be emotionally expres-

sive (i.e., conveying information about the caller’s

emotional states), and future research should

include FoCs related to the caller’s emotional

state, using direct emotion measurements such

as infrared thermography (26). Second, our vocal

repertoire might not be of sufficient granularity

to capture the full complexity of the system: If

some call types have subtle acoustic variants

that convey different meanings, we may have

misclassified them as one single call type, pre-

venting reliable determination of their mean-

ing. Finally, similar to birdsongs, some call

types might have nomeaning (2), which is not

accounted for in our approach; for instance,

the High-hoot might function to localize the

caller rather than convey a specific message.

Although our focus is on vocal combinations,

it is important to note that great apes also com-

bine signals from different modalities, exposing

the receiver to anarray of additionalmultimodal

information that may refine or modify a signal’s

meaning (27–31). For example, bonobos com-

bine Contest-hootswith different gestures that

potentially disambiguate themeaning of these

vocalizations, that is, whether they intend to

play with or challenge another individual (32).

The extent to which combining vocalizations

with other signals also modifies meaning in

potentially nontrivial ways remains unknown,

but it represents a critical follow-up research

avenue to this study (33, 34).

Our results (in particular, Fig. 1 and figs. S2 to

S4) suggest that bonobos use call combinations

in semantic areas in which single calls do not

occur. That is, bonobos seem to combine calls

to convey meaning that cannot be conveyed

through single calls alone. Testing this hypoth-

esis in the future will help us understand the

selective forces that have given rise to compo-

sitionality in both animal communication and

human language.

REFERENCES AND NOTES

1. B. H. Partee, in Compositionality in Formal Semantics: Selected

Papers (Blackwell Publishing, 2004), pp. 153–181.

2. M. Berthet, C. Coye, G. Dezecache, J. Kuhn, Biol. Rev. Camb.

Philos. Soc. 98, 81–98 (2023).

3. S. Steinert-Threlkeld, Philos. Sci. 87, 897–909 (2020).

4. J. R. Martin, thesis, Harvard University (2022).

5. T. Korbak, J. Zubek, J. Rączaszek-Leonardi, arXiv:2010.15058

[cs.NE] (2020).

6. S. Engesser, A. R. Ridley, S. W. Townsend, Proc. Natl. Acad.

Sci. U.S.A. 113, 5976–5981 (2016).

7. M. Leroux et al., Nat. Commun. 14, 2225 (2023).

8. S. W. Townsend, S. Engesser, S. Stoll, K. Zuberbühler, B. Bickel,

PLOS Biol. 16, e2006425 (2018).

9. J. Kuhn, S. Keenan, K. Arnold, A. Lemasson, Linguist. Inq. 49,

169–181 (2018).

10. P. Schlenker et al., Theor. Linguist. 42, 1–90 (2016).

11. M. Leroux, Rev. Primatol. 14, 16469 (2023).

12. J. P. Trujillo, J. Holler, Sci. Rep. 14, 2286 (2024).

13. U. Sauerland, Theor. Linguist. 42, 147–153 (2016).

14. P. Schlenker et al., Biol. Rev. Camb. Philos. Soc. 99, 1278–1297

(2024).

15. P. Schlenker, C. Coye, M. Leroux, E. Chemla, Biol. Rev. Camb.

Philos. Soc. 98, 1142–1159 (2023).

16. G. J. L. Beckers, M. A. C. Huybregts, M. B. H. Everaert,

J. J. Bolhuis, Front. Psychol. 15, 1393895 (2024).

17. Z. S. Harris, Word 10, 146–162 (1954).

18. G. Boleda, Annu. Rev. Linguist. 6, 213–234 (2020).

19. F. Husson, S. Lê, J. Pagès, Exploratory Multivariate Analysis by

Example Using R, Computer Science & Data Analysis Series

(CRC Press, ed. 2, 2017).

20. T. Furuichi, in Bonobo and Chimpanzee, Primatology Monographs

(Springer, 2019), pp. 1–36.

21. M. C. Corballis, Cognition 44, 197–226 (1992).

22. T. N. Suzuki, D. Wheatcroft, M. Griesser, Nat. Commun. 7,

10986 (2016).

23. K. Ouattara, A. Lemasson, K. Zuberbühler, PLOS ONE 4, e7808

(2009).

24. P. Schlenker, E. Chemla, K. Zuberbühler, Trends Cogn. Sci. 20,

894–904 (2016).

25. K. E. Langergraber et al., Proc. Natl. Acad. Sci. U.S.A. 109,

15716–15721 (2012).

26. G. Dezecache, K. Zuberbühler, M. Davila-Ross, C. D. Dahl,

R. Soc. Open Sci. 4, 160816 (2017).

27. L. S. Oña, W. Sandler, K. Liebal, PeerJ 7, e7623 (2019).

28. C. Hobaiter, R. W. Byrne, K. Zuberbühler, Behav. Ecol. Sociobiol.

71, 96 (2017).

29. C. Wilke et al., Anim. Behav. 123, 305–316 (2017).

30. J. G. Mine et al., Behav. Ecol. Sociobiol. 78, 108

(2024).

31. M. Fröhlich, C. P. van Schaik, Anim. Cogn. 21, 619–629

(2018).

32. E. Genty, Z. Clay, C. Hobaiter, K. Zuberbühler, PLOS ONE 9,

e84738 (2014).

33. K. Liebal, K. E. Slocombe, B. M. Waller, Ethol. Ecol. Evol. 34,

274–287 (2022).

34. K. E. Slocombe, B. M. Waller, K. Liebal, Anim. Behav. 81,

919–924 (2011).

35. M. Berthet, M. Surbeck, S. W. Townsend, Dataset and R code -

Extensive compositionality in the vocal system of bonobos,

figshare (2025); https://doi.org/10.6084/m9.figshare.c.7648628.

ACKNOWLEDGMENTS

We thank the people of the villages of Bolamba, Yete, Yomboli,

Yasalakose, and Bekungu, who granted us access to their forest;

the Ministry of Research in the Democratic Republic of the Congo

(DRC); the Institut Conglais pour la Conservation de la Nature;

the Bonobo Conservation Initiative; and Vie Sauvage. We also thank

the staff of the Kokolopori Bonobo Research Project, as well as

L. Zanutto and M. Rohée, for their help and support during data

collection. We thank G. Mesbahi and D. da Cruz for logistic support,

as well as E. Ahmad, L. Bierhoff, C. H. Chen, L. Fornof, G. Gordon,

and J. Vlaeyen for help and support during data collection. We also

thank F. Wegdell for conducting an interobserver reliability test.

We thank K. Slocombe, M. Leroux, and S. Watson for their comments

on the draft and C. Zulberti, A. Bosshard, I. Schamberg, N. Lahiff,

and J. Kuhn for insightful discussions. Funding: This work was

funded by Swiss National Science Foundation grants PP00P3_198912

and 315130_192620 (S.W.T.), NCCR Evolving Language, Swiss

National Science Foundation Agreement #51NF40_180888 (S.W.T.),

and Startup from Harvard University (M.S.). Author contributions:

Conceptualization: M.B., S.W.T.; Methodology: M.B., S.W.T., M.S.;

Data collection: M.B.; Funding acquisition: S.W.T., M.S.; Supervision:

S.W.T., M.S. (fieldwork); Writing – original draft: M.B., S.W.T.; Writing –

review & editing: M.B., S.W.T., M.S. Competing interests: The

authors declare that they have no competing interests. Data and

materials availability: The dataset analyzed in the current study and

the statistical script are available in the figshare repository (35).

License information: Copyright © 2025 the authors, some rights

reserved; exclusive licensee American Association for the

Advancement of Science. No claim to original US government

works. https://www.science.org/about/science-licenses-journal-

article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adv1170

Materials and Methods

Figs. S1 to S4

Tables S1 to S9

References (36–63)

Submitted 6 December 2024; accepted 26 February 2025

10.1126/science.adv1170

RESEARCH | RESEARCH ARTICLES

108 4 APRIL 2025 • VOL 388 ISSUE 6742 science.org SCIENCE



CELL BIOLOGY

Tissue-like multicellular development triggered
by mechanical compression in archaea
Theopi Rados1†‡, Olivia S. Leland1†, Pedro Escudeiro2, John Mallon1, Katherine Andre1, Ido Caspy3,
Andriko von Kügelgen3, Elad Stolovicki4, Sinead Nguyen1, Inés Lucía Patop1§, L. Thiberio Rangel5,
Sebastian Kadener1, Lars D. Renner6, Vera Thiel, Yoav Soen4, Tanmay A. M. Bharat3,
Vikram Alva2, Alex Bisson1*

The advent of clonal multicellularity is a critical evolutionary milestone, seen often in eukaryotes, rarely

in bacteria, and only once in archaea. We show that uniaxial compression induces clonal multicellularity

in haloarchaea, forming tissue-like structures. These archaeal tissues are mechanically and molecularly

distinct from their unicellular lifestyle, mimicking several eukaryotic features. Archaeal tissues undergo

a multinucleate stage followed by tubulin-independent cellularization, orchestrated by active membrane

tension at a critical cell size. After cellularization, tissue junction elasticity becomes akin to that of animal

tissues, giving rise to two cell types—peripheral (Per) and central scutoid (Scu) cells—with distinct actin and

protein glycosylation polarity patterns. Our findings highlight the potential convergent evolution of a

biophysical mechanism in the emergence of multicellular systems across domains of life.

M
ulticellularity has evolved multiple

times across the tree of life, funda-

mentally reshaping Earth’s biosphere.

Comparative studies across these in-

dependent transitions have revealed

common selective benefits, including increased

size, enhanced mechanical strength, and cellu-

lar differentiation—principles later confirmed

through experimental evolution (1–4). Although

well documented in eukaryotes and prokar-

yotes, the extent to which clonal multicellularity

contributes to the emergence of structural and

functional complexity in bacteria and archaea

remains unclear. Once mistaken for bacteria

owing to their lack of nuclei, archaea are now

recognized as a monophyletic group with eu-

karyotes (5). Most archaea lack a rigid cell wall

and are encapsulated by a proteinaceous sur-

face monolayer (S-layer), a two-dimensional

(2D) paracrystalline lattice composed of glyco-

proteins (6, 7). Although the archaeal envelope

structure is thought to make cells mechani-

cally vulnerable, it also facilitates close inter-

actions between cells, such as cell-cell contact

and fusion, which may have played a role in

the emergence of eukaryotes (8, 9). However,

the evolution of mechanosensory responses

driven by the lack of a rigid cell wall remains

elusive owing to the scarcity of in vivo studies.

The peculiar combination of genetic and bio-

physical traits prompted us to investigate the

mechanobiology of archaeal cells, leading to

the serendipitous discovery of a reversible,

clonal, tissue-like multicellular developmen-

tal program.

Uniaxial compression gives rise to clonal,
tissue-like multicellularity

To gain insights into the mechanobiology of ar-

chaeal cells, we performed confinement exper-

iments with the salt-loving Haloferax volcanii

(Hvo), leveraging its straightforward cultiva-

tion and genetics (10). First, we established a

baseline for mechanically unperturbed haloar-

chaeal cells trapped within ArcCell, a custom

microfluidic device (Fig. 1A and fig. S1A). Cells

growing in ArcCell showed cell morphologies

comparable to those in bulk liquid cultures,

indicating no mechanical stress (Fig. 1B, fig.

S1B, andmovie S1). Next, we imaged cells under

agarose pads, a standard technique for micro-

bial immobilization (Fig. 1C). Unlike in ArcCell,

agarose pads deformed cells within a single

generation (~2.5 hours) at the lowest agarose

concentrations, making pad immobilization

incompatible with prolonged imaging (fig. S1B

and movie S1). To quantify the compressive

forces deforming cells, we measured the pad

elasticity using dynamic mechanical analysis

(11). The storage moduli of 0.25 to 3.5% pads

revealed that resistance forces of ~10 kPa are

sufficient to deform Hvo (fig. S1C). These val-

ues suggest that Hvo cells may have visco-

elastic properties close to those of eukaryotic

cells, such as amoeba and mammalian cells,

but orders of magnitude lower than those of

most cell-walled organisms (12, 13).

Given the mechanical sensitivity of haloar-

chaeal cells under pads, we tested the responses

of Hvo to compressive forces above 100 kPa,

closer to forces experienced in their natural

habitat, such as the human gut and salt ponds

(14–16). Following compression under pads

with agarose concentrations of 1.5% and higher,

cells stopped dividing but continued to grow

(Fig. 1D, second panel). After ~12 hours, cellu-

larization occurred via simultaneous septa-

tion events (Fig. 1D, third panel), resulting in

epithelial-like monolayer structures (Fig. 1E

and movie S2). These tissue-like ensembles

resemble radial tessellation patterns in leaf

tissues and multicellular green algae (17, 18).

The morphological development before cellu-

larization also resembles the coenocytic phase

of chytrids and chicken embryogenesis, in

which cells multiply their nuclei without cell

division (19, 20). Time-lapse imaging of cells

expressing mNeonGreen-PCNA (DNA sliding

clamp) showed continuous replication during

development, supporting a coenocytic-like phase

preceding cellularization (Fig. 1D and movie S3).

Animal and plant cells often sense and ac-

tivate biochemical pathways in response to

surface curvatures and material properties

(21, 22). To test the influence of the pad’s stiff-

ness, we immobilized Hvo cells under and on

top of the same 2.5% agarose pad. As a result,

tissueswere observed exclusively under the pads

(fig. S2A), suggesting that stiffness alone is not

sufficient to induce multicellularity. Further-

more, cells compressedbydifferent bilayer “cake”

pad setups developed into tissue-like structures

only when under compression by at least one

stiff surface, ruling out a specific role of the cover-

slip other than providing a rigid surface for

compression (fig. S2, B and C). Finally, tissue

formation is independent of gravity (fig. S3A),

padmass, or thickness (fig. S3B) and consistent-

ly initiated at the same coenocytic area regard-

less of pad density (fig. S3C). These analogous

features suggest that archaeal tissue develop-

ment represents an evolved biological program

response to compression.

To determine whether cells within mult-

icellular structures retain their S-layer lattice,

we cryo-fixed cells from mechanically sheared

tissues and imaged individual cells by electron

cryotomography (cryo-ET) (fig. S4A). Conco-

mitantly with live-cell staining of glycoproteins

(fig. S4B), we concluded that archaeal tissues

preserve S-layer material in their intercellular

spaces.

Next, we explored the possibility that tissues

arise from cell compaction. Three-dimensional

(3D) imaging revealed extracellular spaces be-

tweenmost unicells but nonewithin tissues (Fig.

1F andmovie S4). To probe physical connectivity,

we used laser ablation to wound areas at the

center of the tissues. Following ablation, we

observed directional movement of cells toward

the wounds in tissues, but not in unicells, at

speeds of 0.62 ± 0.27 mm/min (Fig. 1G, fig. S4C,

and movie S5), comparable to those seen in
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wounded animal tissues, which can vary be-

tween 0.2 and 1.0 mm/min (23, 24). Because

archaea lack canonical cytoskeleton motors

such as myosin (25), the synchronous cell mi-

gration suggests that archaeal and animal

tissues have similar membrane elastic proper-

ties. We tested this idea by measuring the

retraction rates after ablating the cell envelope

in unicells and archaeal tissues, observing a

membrane recoil in archaeal tissues (0.42 ±

0.11 mm/s) (Fig. 1H and movie S6) similar to

those reported in animal tissues (~0.3 mm/s)

(26). The apparent higher membrane tension

in archaeal tissues compared to compacted uni-

cells (0.09 ± 0.05 mm/s) implies the presence of

junctional load-bearing structures, placing

archaeal tissues as a new class of prokaryotic

multicellularity, exhibitingmaterial properties

typical of eukaryotic tissues.

Archaeal tissues are widespread in

Haloarchaea and countercorrelate

with biofilm production

To understand the evolutionary diversity of

haloarchaeal tissues, we constructed a phylo-

genomic tree spanning 57 genera, represent-

ing all haloarchaeal orders (data S1), imaging

compressed cells from 52 species across 14 gen-

era (fig. S5). Regardless of cell size or growth

rate (fig. S6A), 61.6% of tested haloarchaeal

species formed tissues, with at least one in-

stance of tissue development or no multicellu-

larity in every tested genus. Among nonforming

tissue strains, we identified cases of cell death

(fig. S6B), shape deformation (fig. S6C), and

unnoticeable shape deformations under pads

(fig. S6D). We also observed three strains—

Htg. salina, Ncc. jeotgali, and Hka. jeotgali—

that exhibit aggregative multicellularity similar

to that of Methanosarcina, the only previous-

ly reported multicellular archaeon (fig. S6E)

(27). These results suggest that archaeal tissues

emerged early in haloarchaeal evolution and

remain dominant in the sampled diversity.

Next,we focusedon strains fromtheHaloferax

genus, in which Hfx. prahovense produced

large, deformed tissue structures, whereas Hfx.

mediterranei (Hmed) and Hfx. gibbonsii (Hgib)
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Fig. 1. Uniaxial compression triggers multicellular development in Hfx.

volcanii. (A) Schematic of cells trapped and (B) phase-contrast time-lapse images of

cells growing in the ArcCell microfluidic device. (C) Schematic of compressed cells

under 2.5% agarose pads. (D) Phase-contrast (top row) and spinning-disk confocal

(bottom row) time-lapse images of compressed cells across ~6 generations.

msfGFP-PCNA foci (blue) represent replication sites. (E) Stretched and compressed

areas comprise large monolayers of epithelia-like tissues. (F) 3D-SoRa microscopy

images of a tissue (left) and unicells (right). (G) Laser ablation of tissue regions.

False-color overlays of tissues before (magenta) and 10 min after (green)

ablation. Yellow areas indicate the ablated area. Directional motion from cells was

calculated from mean square displacement (MSD) curves. (H) Laser ablation

of cell membranes. False-colored overlays of tissues and cells before (magenta)

and after (green) ablation. White arrowheads indicate the membrane recoil

retraction. Unless specified, scale bars represent 2 mm.
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failed to develop, growing instead as stacked

colonies (Fig. 2A, fig. S7A, and movie S7). Al-

though all three taxa are closely related,Hmed

is placed on a long branch, suggesting an ex-

tended time for adaptation following the loss

or gain of genetic material. Under higher com-

pression (5% agarose pads), Hmed cells grew

larger thanHvo coenocytes until they split and

swarmed outward (Fig. 2B and movie S7). Be-

causeHmed’s swarming-like motion resembles

bacterial biofilm-dependent gliding (28), we

questioned whether their extracellular matrix

promoted survival under compression. Sup-

porting this hypothesis, relative biofilm was

at least twice as high inHmed as in otherHfx

strains (fig. S7B). However, it remains unclear

whether Hmed still hosts the (suppressed) ge-

netic pathways formulticellularity or if it com-

pletely lost one or more required components.

The diversification of tissue architecture sug-

gests a shared multicellularity origin with occa-

sional losses.

Despite sharingmany similar “weed-like” traits,

Hmed is still outcompeted in nature by other

haloarchaea (29). To test whetherHmed’s lack

of multicellularity affects its fitness, we com-

pressed cells under microfabricated pillars in-

tercalatedwith “relief” zones (Fig. 2C). This setup

allowed us to observe how these cells navigated

mechanical “escape room” challenges, mimick-

ing their natural habitat. Whereas Hvo cells

managed to propagate even with low initial cell

numbers, Hmed showed a 4.3-fold decrease in

viability compared toHvo under pillars (Fig. 2,

D and E, and movie S8). By contrast, Hvo tis-

sues showed only a 1.8-fold and 1.4-fold loss in

viability compared to unicells andHvo colonies

from agar plates, respectively (fig. S7C).

The survival rates between Hvo and Hmed

suggest that tissues can revert to unicells. To ob-

serve the transition to unicells, we shear-shocked

tissues by injecting liquid media under pads.

Cells detached from tissues and transitioned to

motile rods, swimming away from compression

zones (movie S9). Our findings suggest that

mechano-responsive multicellularity is an adap-

tive trait and likely beneficial in compressive

zones exceeding lethal thresholds in environ-

ments such as desiccated salt plates, animal

guts, and microbial biofilms (30).

Archaeal tissues undergo FtsZ-independent

cellularization, resulting in a radial symmetry

with distinct cell types

Although compression yielded tissues with

larger peripheral cells (Fig. 2D), cell size and

shape changes could result from uneven dis-

tribution of mechanical forces within the de-

vice instead of mechanosensation by specific

cells. Because specialized cell types are a hall-

mark of multicellularity (31), we character-

ized the cellular morphology and cell cycle in

different tissue regions. 3D-STED (stimulated

emission depletion) micrographs showed two

profiles: wider but shorter cells at the periphery

and taller cells at the center of tissues (Fig. 3A,

Movie S10). 3D-STED projections showed ir-

regular scutoid-like center cell shapes similar

to those stabilizing curved epithelia during em-

bryogenesis (32). From 3D outline segmented

masks, we observed variation in cell neigh-

borhoods across the scutoid regions, suggesting

a maximization of packing typical of animal

scutoids (Fig. 3B). On the basis of their radial

symmetry and position within the tissue, we

named tissue cells peripheral (Per) and scutoid

(Scu) cells (Fig. 3C).

Moreover, 3D-STED data suggest that Per

cells are not in contact with the pad surface,

indicating that their lower height is not a di-

rect consequence of compression. By contrast,

Scu cells are in physical contact with compres-

sion areas, suggesting that they could directly

respond to the mechanical compression from
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Fig. 2. Hfx. mediterranei does not form tissues under compression.

(A) Cladogram depicting evolutionary relationships between compressed

Haloferax species. Gray- and red-labeled species represent cells that form or do

not form tissues, respectively. Hfx. prahovense is marked with an asterisk as it

develops to considerably larger, deformed tissues. For a comprehensive phylogenetic

tree, see supplementary data S1. (B) Phase-contrast time-lapse images (left) of

Hmed growth under 3% (top) and 5% (bottom) agarose pads. (Right) SoRa

microscopy of Hmed growth after 24 hours under 3% agarose pads. (C) Cartoon

representation of microfabricated pillars used in the intermittent compression

experiments. (D) Phase-contrast time-lapse images of Hvo (top) and Hmed (bottom)

under micropillar devices. The 24-hour data point is represented as a magnified

inlet from the yellow area in the previous time point. (E) Viability of Hvo tissues

compared to Hmed cells under micropillars measured by colony formation unit. Hvo

and Hmed viabilities were normalized by their respective liquid cultures.

RESEARCH | RESEARCH ARTICLES

SCIENCE science.org 4 APRIL 2025 • VOL 388 ISSUE 6742 111



pads. Inspired by traction force microscopy

(33), we imaged fluorescent beads embedded

in pads, observing an upward displacement

of beads over the tissues’ Scu but not Per re-

gion (fig. S8A).

Another feature of animal scutoid cells is

minimizing energy by distributing membrane

tension. This led us to determine whether Scu

and Per cells maintain a constant surface area–

to–volume ratio. Although Per cells have larger

volumes and surface areas, Per and Scu surface

area–to–volume ratios remained consistent

(fig. S8B). Our data suggest that scutoid-like

cells may predate eukaryotes.

Mechanically stressed cells are typically

smaller, grow more slowly, and have shorter

life spans than unstressed cells (34). Compar-

ing the growth rates and life spans of Per and

Scu to those of unicells, both cell types showed

higher growth rates (Fig. 3D) and similar life

spans (Fig. 3E) relative to unicells. Our data

support the idea that simple physical packing

or nutritional stresses cannot summarize Per

and Scu cell shape profiles.

To expand on the Per-Scu specialization, we

examined whether differences in size and shape

could translate to distinct viscoelastic properties.

After breaking tissues bymechanical shear, we

subjected individual cells to a new compres-

sion cycle and measured their deformation.

Whereas Per cells were ~3-fold more deformed

than unicells, Scu cells were ~2.5 more rigid

than unicells (Fig. 3F andmovie S11), supporting

the model in which stiffer Scu cells counteract

compression, so flexible Per cells can escape

compression zones.

Specialized cell types in animal tissues often

adapt their cytoskeleton to mechanical cues.

Although FtsZ1 and FtsZ2 paralogs are required

for cell division in unicells (35), DftsZ1DftsZ2

cells were still capable of cellularization under

compression with “zig-zag” askew cell junc-

tions (Fig. 3G). This observation parallels those

in animals and holozoans, in which micro-

tubules are dispensable (36). Imaging knock-

in FtsZ1-mChartreuse cells (37) (fig. S9A), we

observed continuous FtsZ1 rings that converted

to sparse filaments at the top and bottom of

the central coenocytic region (Fig. 3H). Sup-

porting the conclusion that cellularization is

FtsZ independent, FtsZ1 was absent at 42% of

thedivision furrows (fig. S9B,white arrowheads).

Collectively, these observations support a se-

quential developmental program, with tissues

relying on distinct molecular machinery for cell

division that is absent in unicells.

Archaeal tissue cellularization is triggered

by envelope tension

Evidence from flies and holozoans suggests that

the timing of cellularization correlates with a

specific threshold ratio between the number of

nuclei per cell volume (N/C) (38). By imagingHvo

cells expressingmNeonGreen-PCNA,we quan-

tified the number of replication sites and the

fluorescence intensity within replication sites

relative to cell area as a proxy for N/C. If N/C is

critical for cellularization, DNA replication

would increase faster than cell area. However,

mNeonGreen-PCNA at replication sites re-

mained constant relative to cell area, indicat-

ing that N/C does not influence cellularization

(fig. S10A).

Next, we tracked single-cell parameters such

as size, time, and the amount of added cell vol-

ume (39) at cellularization (Fig. 4, A and B),

observing a lower coefficient of variance for

cell area (CV = 9.6%) compared to area added

and time (CV = 24.2% and 47.1%, respective-

ly) (Fig. 4C). To confirm that cellularization hap-

pens at a specific coenocyte size, we compressed

larger DftsZ2 unicells, resulting in cellulariza-

tion ~4.2 times faster and with ~3.7 times less

added area compared towild type, but still at a

consistent cell size (Fig. 4C).

Fig. 3. Cellularization

is independent of

FtsZs and results in

two cell types. (A) 3D-

STED super-resolution

microscopy of the

cellularization process.

(B) (Left) iSIM (instant

structured illumination

microscopy) of cells

expressing cytoplasmic

msfGFP and (right)

3D outline masks of

scutoid cells segmented

from 3D-STED high-

lights scutoid cells.

Dashed arrows indicate

the different scutoid

surface neighbors across

z planes. (C) Cartoon

representation of top and

side views showing Per

and Scu cell types within

tissues. (D to F) Area

growth rate (D), life span

(E), and deformation

(F) measurements of

unicells, Per, and Scu

cells from phase-contrast

time-lapse images.

(G) Epifluorescence

microscopy of repre-

sentative cell division–impaired DftsZ1DftsZ2 cells across different developmental stages. Early cellularization represents cells that just entered the cellularization

stage. Peak cellularization represents cells at the onset of completing cellularization. (H) 3D-SoRa microscopy of representative cells expressing FtsZ1-mChartreuse

across different developmental stages. White arrowheads indicate septation sites without FtsZ1 signal. Scale bars, 2 mm.
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Although cell size is set at cellularization,

the underlying mechanism remains unclear.

Given the differences in membrane tension

between tissues and unicells (Fig. 1H), we

hypothesized that cell envelopes accumulate

elastic strain as coenocytes grow larger until

the critical threshold to initiate cellulariza-

tion is reached. To measure membrane tension

in real time, we created bSpoJ, a single-molecule

live-cell membrane fluidity reporter. bSpoJ is

a chimeric transmembrane domain of SpoIIIJ

from Bacillus subtilis, with a secretion signal

peptide from Hvo, and HaloTag. Particle track-

ing of bSpoJ inHvo showed a ~30-fold increase

in apparent diffusion in coenocytes compared

to unicells, an order of magnitude above the

~2.5-fold increase in cell area (Fig. 4D, fig. S10B,

and movies S12 and S13).

The disproportionate increase inmembrane

tension relative to cell area suggests that bio-

chemical changesoccur in the coenocytic envelope

throughout development. Because carotenoids

are thought to play a role in bacteria similar to

that of cholesterol in eukaryotes (40), we mea-

sured membrane fluidity in cells stained with

Laurdan, a fluorescent reporter for generalized

polarization (41). Despite the lack of obvious

phenotypic defects in car
−

unicells at higher or

lower temperatures (fig. S10C), car
−

showed a

weaker membrane fluidity homeostasis than

wild type at lower temperatures (Fig. 4E and

fig. S10D). Consistently, car
−

showed decreased

coenocytic viability (fig. S10E). Colony pig-

mentation also appeared attenuated in Hmed

and tissue-defective strains (figs. S10F and

S11), suggesting a positive correlation between

carotenoids and tissue development in oppo-

sition to biofilm production.

The loss of car
−

membrane fluidity control

implies that coenocytes fail to trigger cellulari-

zation below critical tension thresholds. Hence,

we expect changes in cellularization cell sizes

among survivors. As predicted, we observed

increased cell area at cellularization (Fig. 4F),

suggesting that car
−

can only match mem-

brane tension threshold at larger coenocyte

areas. To directly probe membrane fluidity at

cellularization, we compared bSpoJ diffusion

between wild type and car
−

at 34°C (Fig. 4G).

Again, we observed lower membrane fluidity in

car
−

unicells compared to wild type as recorded

by generalized polarization. bSpoJ diffusion at

tissue cellularizationwas similar inwild type and

car
−

, supporting a tension control mechanism.

Curiously, we observed a bimodal distribution

in car
−

coenocytes (orange arrowheads). We

speculate that one subpopulation with higher

bSpoJ diffusion rates reaches the membrane

tension threshold only at a larger cell size. By

contrast, the second group stochastically fails

to meet the tension-area ratio requirement and

undergoes lysis. These results highlight a me-

chanoresponsive mechanism whereby cells

regulate membrane fluidity to secure precise

cellularization timing.

Actin and N-glycosylation are fiducial markers

for archaeal tissue polarity

To identify multicellular factors, we performed

RNA sequencing (RNA-seq) across develop-

mental stages (Fig. 5A). Gene expression pro-

files revealed that coenocytes showed twice as

many repressedcompared toup-regulatedgenes,

possibly involving pathways related to stress

response and cell division arrest (fig. S12A). Al-

though the number of differentially expressed

genes (~28% of the genome) is distributed equally

across the genome (fig. S12B), most of the genes

with highest expression levels in tissues are clus-

tered in the third quarter of the main chromo-

some between the HVO_2134 and HVO_2150

Fig. 4. Tissue cellularization is triggered

by coenocytic size through a membrane

tension threshold. (A) Epifluorescence

micrographs of wild-type (top) and DftsZ2

(bottom) cells from compression to cellula-

rization. (B) Single-cell growth curves from

compression to cellularization onset. (C) Time,

cell area, and cell area are added at the

onset of cellularization. (D) Phase-contrast

images of unicell and coenocytes and bSpoJ

single-molecule tracks overlay false-color

images relative to their mean speed. Effec-

tive diffusion coefficients are calculated

from MSD curves. (E) Live-cell generalized

polarization measurements of wild-type

and car
− stained with Laurdan. (F) Area at

cellularization measurements of wild-type

and car
− cells from phase-contrast time-

lapse images across temperatures. (G) Wild-

type and car
− membrane fluidity calculated

by bSpoJ effective diffusion coefficients

across developmental stages at 34°C.

Correlation between cellularization areas

and bSpoJ diffusion in wild-type and car
−

cells at 34°C. Scale bars, 2 mm.
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loci (fig. S12C). This pattern suggests the ex-

istence of possible transferable islands re-

lated to the emergence of multicellularity. We

also observed an enrichment of proteins with

cytochrome-related and photosynthetic reac-

tion center (PRC) domains, which were shown

to have structural cell division roles (42, 43).

Hence, the aboveparalogs could represent tissue-

specific cell cycle factors.

From our gene candidate list, we focused on

four groups: cell surface, cytoskeleton and me-

chanosensing, signaling, and cell cycle (data S2).

Given the importance of actin in eukaryotic

tissue biogenesis, we investigated the role of

volactin (volA), theonly identified actinhomolog

inHvo (44), which is up-regulated ~1.6-fold in

tissues. Time-lapse imaging showed increased

volA-msfGFP signal during development, reach-

ing a steady state by the end of cellularization

(Fig. 5B and movie S14). By contrast, unicells

showed unaltered volA-msfGFP levels, as did

tissues expressing cytoplasmic msfGFP. More-

over, volactin polymers were less abundant

but highly dynamic in uncompressed Per cells

than in unicells and Scu cells (Fig. 5C andmovie

S15). VolA also displayed changes in structural

patterns, with cables aligning in coenocytes and

Scu cells (Fig. 5Dandmovie S16). Compressionof

DvolA cells resulted in shorter coenocytes than

the wild-type counterpart (Fig. 5E) and delayed

or stalled tissue maturation (Fig. 5F). Because

volA is implicated in regulating thedevelopment

of rod-shaped (motile) and disk-shaped (sessile)

cell types (44, 45), we propose that volactin may

mirror eukaryotic actin’s multifunctional roles

as a mechanosensing cytoskeleton and polarity

factor in tissues (46).

Comparative genomics leveraging of the dif-

ferences in tissue formation across Hfx spe-

cies showed substantial overrepresentation

of orthologous groups (orthogroups) related

to protein glycosylation, sugar metabolism,

and transport in presence or absence data-

sets among (i) Hvo and Hmed (fig. S12D and

data S3); (ii) 4Hfx species (fig. S12E and data

S4); and (iii) orthogroups enriched in species

that form tissues (data S5). Protein glycosyla-

tion has historically been studied in haloarchaea

for its role in mating and envelope biogenesis

(47). In eukaryotes, N-glycosylation is crucial

for cell identity, polarity, junctions, and adhe-

sion (48). To explore the role of N-glycosylation,

we labeled cells with ConA-Alexa488, a cell-

impermeable fluorescent lectin conjugate that

bindsmannose glycol groups. Although ConA-

Alexa488 did not stain unicells (fig. S13A), it

exhibited a radial localization at the outline of

Per cells (Fig. 5Gandmovie S17). To testwhether

patterns are formed by biofilm accumulation in

the extracellular matrix, we examined a DpibD

mutant, blocking all pili-dependent secretion

(49). We observed no significant differences in

ConA-Alexa488 localization between wild-type

and DpibD tissues (fig. S13A), indicating that

biofilm is not critical for cell junctions. Next,

we imaged tissues of different N-glycosylation

mutants, finding that DaglB is the only one to

disrupt ConA-Alexa488 halos, resulting in stain-

ing of the whole tissue surface (Fig. 5G and
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Fig. 5. Volactin and N-glycosylation are tissue-specific polarity markers.

(A) Volcano plot overlays from RNA-seq datasets collected across develop-

mental stages and normalized by liquid unicellular cultures. Numbers in

parentheses indicate the number of candidates above the arbitrary cutoff.

(B) Normalized fluorescence by cell area of volA-msfGFP and constitutively

expressed cytoplasmic msfGFP from confocal time-lapse images. (C) Epifluor-

escence micrograph of a false-colored tissue relative to volA-msfGFP

fluorescence (left) and dynamics of volA-msfGFP polymers represented by

kymographs (right) from Per and Scu regions. (D) 3D-SoRa projections of

representative cells expressing volA-msfGFP across developmental stages (left)

and volA cable angle measurements relative to the coverslip plane (right).

(E) Height measurements of wild-type and DvolA coenocytes from 3D-SoRa

projections. (F) Representative epifluorescence micrograph of a DvolA

cell stalled at cellularization. (G) 3D-confocal projections of cell surface

N-glycosylated proteins in wild-type (top) and DaglB (bottom) tissues stained

by ConA-Alexa488. Scale bars, 2 mm.
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fig. S13B). Therefore, we propose that AglB, the

main oligosaccharyltransferase required for S-

layer N-glycosylation (47), acts as an inhibi-

tor of N-glycosylation in Scu cells, directing

tissue cell-surfacepolarity. Theapparentdichot-

omous nature of AglB in archaeal tissues adds to

the list of cell surface N-glycosylation functions

such as morphogenesis and mating.

The discovery of clonal, tissue-like multicel-

lularity in archaea highlights the potential of

archaeal mechanobiology to shed light on the

emergence of complexity in nature. Neverthe-

less, this is not the first developmental pro-

gram identified in haloarchaea, joining the

rod-shaped (motile) and disk-shaped (sessile)

shape-shift transitions (45). These cell types

are connected by volactin, which is also re-

quired for disk formation (44). The coordinated

alignment of volactin cables indicates that actin

cables might sense membrane curvature or

mechanically support coenocytic and Scu cells.

Although these scenarios are not mutually

exclusive, volA’s roles in different developmental

programs, combined with the FtsZ-independent

tissue cellularization, underscore a develop-

mental transition from tubulin-dependent to

actin-dependent cellularization (25, 46).

An integrative evo-devo mechanobiology ap-

proach offers a framework for understanding

the link betweenmicrobial biofilms andmem-

brane homeostasis, which may regulate the

transition between different multicellularity

modalities. Our findings also suggest the need

to revisit past evidence for the origin of eu-

karyotic multicellularity, such as fossils iden-

tified as holozoans (50). On the basis of their

size and absence of definitive eukaryotic fea-

tures, these fossils may represent ancestors

of archaeal tissues. Future studies should un-

cover the biochemical and structural nature of

archaeal cell junctions and expand the pres-

ence of archaeal tissues in phyla evolution-

arily closer to eukaryotes, such as the Asgard

archaea.
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I started college dreaming of becom-

ing a forensic pathologist. I wanted 

to help give a voice to those who 

could no longer speak. I would need 

a medical degree, so I enrolled as a 

premed biology major and focused 

on my first-year coursework. Re-

search wasn’t on my radar, partly be-

cause such opportunities in Puerto 

Rico were limited.

The following year, the hurricane 

hit. I felt oddly optimistic before the 

storm—thinking we’d get a few days 

off and life would go on, just as it al-

ways had. Instead, the Category 5 mon-

ster leveled our communities, leaving 

people without power or water for 

months. Days passed before we could 

reconnect with loved ones. When 

I finally saw my grandmother, she 

hugged me tightly, crying, “I was so 

scared something happened to you.”

On the flight north, which was 

chartered by Brown, everything felt surreal—leather seats, 

fresh fruit, and, after landing, a reception in a mansion. I 

felt conflicted. Here I was, feeling joy and wonder at a new 

experience, while everyone back home struggled.

Brown set us up with classes, books, dorm rooms, and 

funds to purchase winter clothes. It was in one of those 

classes, an introductory biology course, that my trajectory 

began to shift. I was captivated by the professor’s lecture and, 

on a whim, reached out after class. To my surprise, he imme-

diately offered me a research position in his lab.

I was assigned to work on a project that involved mod-

eling how climate change could alter the distributions of 

plants across North America. The research opened my eyes 

to the important work scientists were doing to address ur-

gent, relevant questions.

I began to see a path in science beyond medicine, and at 

Brown I had the resources to follow it. I had direct access 

to faculty, state-of-the-art research 

facilities, and a supportive academic 

environment. As the academic year 

came to a close, I stayed on to do a 

summer research program, where I 

fell in love with microbiology.

I began to think a Ph.D. was what 

I wanted. Yet, despite the excite-

ment, I felt doubtful, anxious, and 

guilty. I struggled to reconcile my 

new opportunities with the devas-

tation back home. I also worried 

about leaving behind my dream 

of medicine to pursue a path that 

I was excited about but that might 

not lead to a job in Puerto Rico.

Before I left Brown, my summer 

research mentor told me, “If you 

ever want to pursue a Ph.D., I’d 

be honored to mentor you.” After 

I confided in him about my con-

flicted feelings on the future, he re-

plied: “There’s nothing better than 

doing what excites you.” The words felt like permission 

to follow my passion.

Back in Puerto Rico, I spent my final years doing all 

I could to get myself admitted to graduate school. And 

3 years later, I returned to Brown—this time as a Ph.D. stu-

dent. Fittingly, my first weekend back brought a hurricane 

to Rhode Island. It felt oddly like home.

Now that I’m in the fourth year of my Ph.D., my jour-

ney has taught me that unexpected challenges can create 

opportunities for growth and redirection. My pivot from 

medicine to research wasn’t a loss, but an acknowledge-

ment of where I could have the greatest impact while still 

doing something that excites me. j

Melanie Ortiz Alvarez De La Campa is a Ph.D. candidate at Brown Univer-

sity. They are also co-founder of Ciencia Pa’ Todes, a Caribbean science 

communication initiative.

“Unexpected challenges 
can create opportunities for 

growth and redirection.”

Taking flight

T
he email came 2 weeks after Hurricane Maria ravaged Puerto Rico. I was an undergraduate 

student at the University of Puerto Rico-Río Piedras and my honors program wanted to know 

whether I would be interested in an opportunity to temporarily continue my studies elsewhere. 

Brown University, a school I’d never heard of, was offering 30 of us the chance to take classes 

there while our university recovered. Amid the devastating news of thousands of deaths and bil-

lions of dollars in damage to the island, the offer seemed too good to be true. However, my fam-

ily encouraged me to go, and soon I found myself on a private flight to Rhode Island. The hurricane 

had blown me off my planned course, and set me on an unexpected path toward a Ph.D.

By Melanie Ortiz Alvarez De La Campa
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