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US aircraft sprayed herbicides over South 
Vietnam during the Vietnam War. The 
herbicides contained dioxin, a long-lived toxic 
chemical that contaminated soils and aquatic 

sediments and found its 
way into the food chain. 
Now, more than 50 years 
after the spraying ended, 
researchers are still trying 
to understand how dioxin 
exposure has affected 
human health. See page 
350.  Credit: US Air Force
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I
n these days of political instability, geopolitical ten-

sions, and social discontent around the world, there 

are continued threats to the principles, conduct, 

and findings of science. This assault on science has 

been fueled by flooding the public with confusing 

information from both traditional and digital me-

dia. One concept that creates misunderstanding is 

“scientific consensus.” It’s time to stop using this short-

hand and make clear what it really means.

Scientists take it for granted that the consensus 

they refer to is not the result of opinion polls of their 

colleagues or a negotiated agreement reached at a re-

search conclave. Rather, it is a phrase that describes a 

process in which evidence from independent lines of 

inquiry leads collectively toward the same conclusion. 

This process transcends the in-

dividual scientists who carry 

out the research.

To make that clear to politi-

cians and to the public, commu-

nication scholar Kathleen Hall 

Jamieson believes that scien-

tists need to talk instead about 

“convergent evidence.” “Unlike 

declarations that a consensus 

exists,” she told me, “a claim 

that convergent evidence exists 

honors science’s norms of cri-

tique and correction by inviting discussion of the extent 

of existing knowledge and the multiple ways in which 

it was developed rather than on what a lay audience 

is likely to hear as a ‘case closed’ appeal to authority.” 

When a scientific consensus is overturned, it requires 

not only introducing new evidence that counters the ac-

cepted understanding but also explaining why all the 

evidence, new and old, is now pointing in a different 

direction. “To discredit a statement that a consensus 

exists, one simply cites other respected scientists who 

disagree,” says Jamieson. However, rebutting a claim 

that convergent evidence exists requires an extra step. 

Jamieson pointed out that the counterevidence must be 

assimilated into the evidence that has already been ac-

cumulated so that all of it can be interpreted together.

The question of whether vaccines cause autism is 

a perfect example of this notion. There is a massive 

amount of convergent evidence that refutes the idea 

that the measles, mumps, and rubella (MMR) vaccine 

causes autism. This has been discredited in one study 

after another. Nevertheless, US Secretary of Health 

and Human Services (HHS) Robert F. Kennedy Jr. an-

nounced that the Centers for Disease Control and Pre-

vention (CDC) will carry out yet another study on this 

claim, and that “exposures” that cause autism would be 

known by September, despite the discouragement of 

many scientists and physicians, including Senator Bill 

Cassidy who chairs the Senate committee that oversees 

HHS. Even a report released by the CDC last week de-

scribes multiple ways in which better identification has 

led to higher rates of autism diagnoses. With any sub-

ject, one can always do another study but at the cost 

of diminishing returns. It is certainly the position of 

many scientists that this issue is settled, including Jay 

Bhattacharya, director of the US National Institutes of 

Health, not because of an opinion poll of scientists, but 

because of evidence converg-

ing from numerous directions 

that has debunked the idea. If 

another study seems to suggest 

some kind of correlation be-

tween vaccines and autism, it 

would not suddenly erase all of 

the solid research that came be-

fore it. The outlier would need 

to be considered along with the 

overall picture, which would 

likely still converge on the lack 

of a meaningful connection un-

less the large number of previous studies were some-

how shown to be flawed.

The yearly poll by the Pew Research Center on trust 

in science in the United States has consistently showed 

that although the majority of Democrats agree that 

scientists should be included in policy decisions that 

involve science, the majority of Republicans feel that 

scientists should “focus on establishing sound scientific 

facts and stay out of public policy debates.” Although 

this view was exacerbated by the passion that many sci-

entists exhibited during the pandemic, the result of the 

2024 presidential election in the United States shows 

that the latter sentiment is prevalent at the moment. 

A key to reversing this view is to take ever more care 

in clearly delineating scientific results from scientists’ 

opinions. Taking the further step of correctly portraying 

scientific consensus as convergent evidence rather than 

scientists’ opinions will further the goal of showing why 

vetted and validated science is a crucial ingredient of 

policy decisions around the world.

–H. Holden Thorp  

Convergence and consensus

H. Holden Thorp

Editor-in-Chief, 

Science journals. 

hthorp@aaas.org

10.1126/science.ady3211

“…consensus…is not 
the result of opinion 

polls…or a negotiated 
agreement…”
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A
stronomers last week reported hints that the 

atmosphere of a distant planet contains gases 

linked to life. They used NASA’s JWST observa-

tory to detect the fingerprints of dimethyl sul-

fide and dimethyl disulfide in starlight that 

had passed through the atmosphere of K2-18b, 

a massive planet 120 light-years away that 

may have a deep global ocean. Because those 

gases are produced by marine phytoplankton 

on Earth, the team heralded this as the stron-

gest evidence yet of life on far-flung worlds. 

Their report, published in The Astrophysical Journal 

Letters, prompted worldwide headlines. But detecting 

gases in alien atmospheres is pushing telescope techno-

logy to its limit, and this detection is not yet conclusive. 

Exoplanets and their atmospheres are complex systems 

so researchers will likely need more than a couple of at-

mospheric gases to assert the presence of life. 

“We don’t know what other geological activity 

could be happening on this planet that might 

produce the molecules,” Catherine Heymans of 

the University of Edinburgh told BBC. 

I N  B R I E F

Carbon removal projects rewarded
CLIMATE CHANGE |  Farming-related strate-

gies were the big winners in a $100 million 

contest for the most promising technologies 

to remove climate-warming carbon dioxide 

(CO2) from the atmosphere. The $50 million 

top award from XPRIZE Carbon Removal, 

announced on 23 April, went to Houston-

based Mati Carbon, which has enlisted 

small-scale farmers in India, Zambia, and 

Tanzania to spread dust from crushed basalt 

rock on their fields. The rock speeds up a 

natural process in which minerals react 

with CO2 to create bicarbonate, which 

remains inert for thousands of years. A 

similar approach using silicate rocks earned 

U.K.-based UNDO Carbon the $5 million 

prize for fourth place. Second place went 

to the French firm NetZero, which converts 

agricultural waste into a charcoal-like sub-

stance farmers can use as a soil amendment. 

Vaulted Deep, also based in Houston, earned 

the $8 million third place prize; it takes 

slurries of biomass such as livestock manure 

and injects them deep underground. 

Blood pressure and dementia
BIOMEDICINE |  A trial of nearly 34,000 

people in rural China offers some of the best 

evidence yet that reducing high blood pres-

sure, alongside lifestyle changes, can lower 

risk of cognitive impairment and dementia. 

The study, described this week in Nature 

Medicine, involved 326 Chinese villages; in 

half, participants ages 40 and older with 

uncontrolled high blood pressure received 

antihypertensive medication, home blood 

pressure monitoring, and healthy lifestyle 

Edited by 

Kelly Servick

ASTRONOMY

Life on an exoplanet? Not so fast

The atmosphere of an 

exoplanet (artist’s concept) 

contains gases linked 

to marine algal life on Earth, 

researchers say.

NEWS “
Let us put an end to the irresponsible derision 

that would present this issue as 
something purely ecological, ‘green,’ romantic.

”Pope Francis on climate change, in 2023. Francis died this week.
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coaching from community health workers. 

After 4 years, these participants were 

15% less likely to have developed dementia 

and 16% less likely to have cognitive impair-

ment without dementia, compared with 

people in the control villages, where health 

workers didn’t provide medication or coach-

ing. In 2019 a U.S. trial in about 9000 people 

showed blood pressure treatment reduced 

mild cognitive impairment, but did not show 

a statistically significant reduction 

in dementia.

Giant croc family tree revised
EVOLUTION |  Deinosuchus—a predatory 

reptile that may have reached 12 meters in 

length and roamed North American wet-

lands more than 75 million years ago—was 

long considered closely related to modern 

alligators. But a newly revised family tree for 

Deinosuchus and other crocodilians instead 

places the predator in a separate family from 

both alligators and crocodiles. The find-

ings, published in Communications Biology, 

may help explain why Deinosuchus lived 

on both sides of an ancient seaway stretch-

ing through North America: Alligators 

and kin don’t handle saltwater well, but if 

Deinosuchus was unrelated, it likely retained 

an ancestral crocodilian tolerance for salt-

water and could swim across the sea. The 

findings also show that, far from being aber-

rations, giant crocodilians have abounded 

over the past 130 million years, evolving 

whenever there was a marine or wetland 

habitat big enough to sustain their appetites.

Ultracool microscopes advance
MICROSCOPY |  Using electron microscopes 

cooled to near absolute zero, a team of 

scientists has produced remarkably high-

resolution views of the molecular structure 

of proteins. Researchers have long hoped 

extremely cold conditions would help 

sharpen cryogenic electron microscopy, 

which bombards frozen samples with 

a powerful beam of electrons to reveal 

molecular structure. Cooling samples with 

liquid helium rather than the standard 

liquid nitrogen reduces radiation damage 

produced by the microscopes’ electron 

beams, but has until now produced fuzzier 

images. By redesigning the microscope’s 

thin plate that holds proteins in place, 

researchers constrained unwanted move-

ments and improved  resolution about 

1.5-fold, they report this week in the 

Proceedings of the National Academy 

of Sciences. The result may open new 

vistas on a variety of proteins, including 

key cell surface proteins targeted by 

drug developers.

HIV NETWORKS IN SOUTH AFRICA The 

U.S. National Institutes of Health (NIH) 

last week restricted South Africa from 

participating in the four international 

clinical trial networks it funds to study 

new medicines to prevent and treat HIV. 

The U.S. institutions that run the networks 

were told they may not use funds to start 

new clinical trials in South Africa or to 

enroll new patients from the country in 

studies that are underway. No reason was 

given for the move, which compounds 

damage to the country’s HIV efforts from 

earlier cuts in foreign research funding by 

President Donald Trump’s administration 

and its dismantling of the U.S. Agency for 

International Development.

JOURNALS TARGETED The Trump-

appointed interim U.S. attorney for the 

District of Columbia has sent letters to 

the editors of multiple scientific journals 

asserting their publications are “parti-

sans in various scientific debates” and 

asking for responses to questions such 

as “Do you accept articles or essays from 

competing viewpoints?” The journal 

CHEST confirmed it had received one 

such letter, and Science has learned that 

another journal has received a nearly 

identical one. The Trump administration 

also plans to cut funding for two open-

access, peer-reviewed journals published 

by the Centers for Disease Control and 

Prevention (CDC)—Emerging Infectious 

Diseases and Preventing Chronic 

Disease—according to a leaked draft of 

an internal 2026 budget proposal for 

the Department of Health and Human 

Services. A spokesperson for CDC says 

the proposal “is a draft, predecisional 

document, and CDC won’t speculate on 

the future of publishing” the journals.

NSF SQUEEZE The National Science 

Foundation (NSF) is likely to lose 

$234 million this year in funding it 

planned to use on building and upgrad-

ing major research facilities. That’s bad 

news for two major projects: Construction 

on a $520 million supercomputer at the 

University of Texas, slated to be com-

pleted next year, will almost certainly be 

delayed, if not eventually halted. And last 

week NSF ordered the National Center 

for Atmospheric Research to stop work 

on a $92 million airborne phased-array 

radar to be mounted on hurricane track-

ers flown by the National Oceanic and 

Atmospheric Administration. The spend-

ing crunch stems from Trump’s decision 

to strip out what was labeled emergency 

spending in NSF’s $9 billion budget as 

part of a governmentwide spending bill 

passed by Congress last month covering 

the rest of this fiscal year. Legislators say 

Trump’s move is illegal, however, and the 

dispute could end up in court.

USGS SCIENCE IMPERILED The White 

House is expected to ask Congress to 

zero out the entire biological research 

program at the U.S. Geological Survey 

(USGS) in its upcoming 2026 budget 

request. In an internal email seen by 

Science, Anne Kinsinger, associate 

director of ecosystems at USGS, notified 

colleagues that the White House Office 

of Management and Budget has ordered 

the agency to design a plan to slow and 

then cease all activities in its Ecosystems 

Mission Area in the next fiscal year, which 

begins in October. This year the $1.6 

billion research agency will spend $307 

million on the research, which informs 

conservation of endangered species, 

state management of wildlife, responses 

to wildfire and sea level rise, and more.

EPA GRANTS CUT The Environmental 

Protection Agency (EPA) last week 

ordered its staff to start canceling 

grants already awarded to universities 

and research institutes, according to 

an agency source and an email seen by 

Science. These grants provide $35 million 

to $40 million each year to researchers 

studying the impacts of pollution and 

ways to reduce them. The termination 

order includes more than 100 grants 

from the investigator-initiated Science 

to Achieve Results program, along with 

grants from eight other programs. EPA 

has given no reason for scrapping the 

grants, but it can legally terminate awards 

made before 1 October 2024 just by citing 

changes in administration priorities.

PANDEMIC’S ‘TRUE ORIGINS’ Last week, two 

widely viewed federal websites, covid.

gov and covidtests.gov, were redirected 

to a new White House page emblazoned 

with “Lab Leak” and claiming to reveal 

the “true origins of COVID-19.” It made 

the oft-repeated but unproven case that 

the virus emerged from a lab in Wuhan, 

China, that had been conducting risky 

virology experiments with U.S. funding. 

Some scientists who favor the alternative 

idea that an infected wild animal passed 

the virus to people at a Wuhan market 

said the web page is full of unverified 

or inaccurate claims and lacks any new 

information on the origin debate.

TRUMP TRACKER



By Sara Reardon

I
f halting scores of research grants at 

Columbia University represented the 

opening shots of the attack on U.S. 

higher education by President Donald 

Trump’s administration, the war has 

now escalated on multiple fronts. After 

freezing all grants to Columbia earlier this 

month for not doing enough to combat anti-

semitism on its campus, according to Trump 

officials, the National Institutes of Health 

(NIH) is now similarly stopping grant and 

contract payments to Harvard and four 

other universities.

The move would both block new fund-

ing and halt payments to investigators 

currently working on NIH projects. But 

this week Harvard filed a lawsuit against 

the Trump administration, saying it was 

illegally withholding federal funding “as le-

verage to gain control of academic decision 

making at Harvard.”

The NIH grant freeze came in a 16 April 

email seen by Science, in which an official 

from NIH’s Office of Extramural Research 

told grants managers to halt disbursements 

to Harvard, Brown, Northwestern, and Cor-

nell universities, as well as Weill-Cornell 

Medical School. The email also says that, on 

orders from the Department of Health and 

Human Services (HHS), NIH’s parent agency, 

NIH staff should not provide any communi-

cation to these institutions or to Columbia 

about whether the funds are frozen or why.

The Trump administration had already 

announced its intention to freeze $1 billion 

in funds from multiple federal agencies to 

Cornell, $790 million to Northwestern, and 

$510 million to Brown. At Harvard, more 

than $2.2 billion in multiyear federal funds 

were at risk, the White House originally 

said. Last week’s NIH email made it clear 

the administration is following through on 

its threats, although none of the schools 

could confirm the total amount of funding 

that has been frozen or provide a compre-

hensive list of affected projects.

The fight with these top research uni-

versities escalated after Harvard President 

Alan Garber on 14 April declared the school 

would not comply with demands by Trump 

officials to change its hiring and teaching 

practices and grant the government control 

of some operations. “The university will not 

surrender its independence or relinquish 

its constitutional rights,” Garber wrote in 

an open letter to federal officials. “Neither 

Harvard nor any other private university 

can allow itself to be taken over by the fed-

eral government.”

The Massachusetts Institute of Techno-

logy, Stanford University, Princeton Univer-

sity, and others quickly released statements 

in support of Harvard. And in the following 

days, Trump and some of his officials voiced 

new threats to Harvard’s finances by ques-

tioning its tax-exempt status and scrutiniz-

ing its enrollment of foreign students, who 

typically pay full tuition. Other universities 

were put on notice, too. “Tax-exempt status, 

I mean, that’s a privilege,” Trump said at an 

Oval Office briefing.

On the morning of 21 April, when Har-

vard filed its lawsuit, The Wall Street Jour-

nal reported that the White House planned 

to halt another $1 billion in unspecified 

health research at the university. In a state-

ment Harvard released about the lawsuit, 

Garber said the Trump administration was 

trying to seize “unprecedented and im-

proper control” of the university’s opera-

tions and academic decision-making. 

The new freeze on ongoing NIH grants 

means researchers at Harvard and the 

other affected universities won’t be able to 

receive reimbursements for work already 

completed. At Harvard, only a few—albeit 

large—grants and contracts have been pub-

licly confirmed as suspended. Many Har-

vard scientists remain unsure of the status 

of their grants, perhaps because NIH has 

been ordered not to say what’s frozen. Still, 

Harvard has told researchers to pause hir-

ing and limit spending.

How much the Trump administration’s 

actions will harm Harvard’s affiliated med-

ical schools, such as Boston Children’s Hos-

pital and Massachusetts General Hospital, 

remains unclear. But more than $6 billion 

of Harvard’s $9 billion total in federal 

grants and contracts, all of which the ad-

ministration has threatened to withhold, 

goes to hospitals in the area.

In principle, researchers whose grants 

have been frozen can continue to work. But 

some individual faculty with ongoing con-

tracts through NIH and other agencies have 

received stop-work orders, the universities 

told Science, which would require them to 

immediately cease research activities.

At Northwestern, more than 100 projects 

have received stop-work orders, according 

to the university, including research on 

NE WS
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NIH grants caught in crossfire 
as Harvard and Trump collide
Agency freezes funding to Harvard, four other universities 
amid debates over antisemitism and government overreach

I N  D E P T H

Harvard University students, faculty, and supporters 

rallied on its campus last week to protest threats by 

President Donald Trump’s administration.



By Joshua Sokol

T
he emperor’s chariot. A celestial market-

place. A toilet with excrement repre-

sented by a single star. Early Chinese 

astronomers, likely including a legend-

ary one named Shi Shen, at some point 

grouped stars they saw into depictions 

of an imperial court in the sky. And for some 

2000 years, these and other constellations—

and the coordinates that show where to find 

them—undergirded an astronomical system 

maintained by Chinese government bureau-

crats, who searched for correspondences be-

tween heavenly omens and earthly concerns 

to help emperors keep the cosmos in har-

mony. Known as the Star Manual of Master 

Shi, these constellations comprise the oldest 

surviving star catalog in China. Now, a study 

from astronomers at the Chinese National 

Astronomical Observatories (NAO) claims 

these records aren’t just the oldest in China—

but the oldest of their kind found anywhere 

in the world, dating back nearly 2400 years.

The study is the latest volley in a nearly 

centurylong debate over the provenance of 

Shi’s star measurements, a mystery grounded 

in both the history of science and the poli-

tics of claiming scientific firsts. Already, the 

research is drawing criticism and praise 

alike. “This is an excellent study,” says David 

Pankenier, an emeritus historian of Chinese 

astronomy at Lehigh University. “I hold a to-

tally different perspective,” counters Boshun 

Yang, a historian at the University of Science 

and Technology of China.

Like modern Chinese and Western star 

catalogs, Shi’s specified star positions using 

spherical coordinates, much like latitude 

and longitude specify points on Earth’s sur-

face. But those ancient coordinates no longer 

match current star positions. Year after year, 

the coordinates within any given star catalog 

gradually become more inaccurate. Earth’s 

axis of rotation wobbles like a spinning top 

on a 26,000-year cycle, so over time, the lo-

cations of the celestial poles seem to wander 

across the background of more distant stars, 

a phenomenon called precession.

So exactly how old is the Shi catalog? In 

theory, measuring precession’s effects on an 

old star catalog can allow modern research-

ers to precisely date when the catalog must 

have been created, just as counting rings in a 

tree trunk can reveal a tree’s age.

That’s what Boliang He and Yongheng 

Zhao at NAO attempted when they fed his-

torical Chinese star catalogs into a com-

putational algorithm based on the Hough 

transform, an analytical technique often used 

for image processing. Their algorithm ingests 

historical star coordinates, attempts to rule 

out data that may have been erroneously cop-

ied down over the centuries, and then esti-

mates a best fit to where the celestial north 

pole must have been when the coordinates 

were measured. This inferred location is then 

translated back into a date.

After testing their method on more recent, 

better understood Chinese catalogs in a study 

published last year, He and Zhao tried to look 

at Shi’s catalog. Their new results, soon to 

be published in Research in Astronomy and 

Astrophysics, argue some star measurements 

within Shi’s catalog were updated around 

125 C.E.—but that the other half of the star 

coordinates date back to about 355 B.C.E., 

around when Shi was supposed to have lived.

“Our findings align perfectly with these 

historical accounts, vividly demonstrating 

the continuity and completeness of ancient 
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wearable devices, robotics, nanotechno-

logy, and Parkinson’s disease. Cornell re-

ceived stop-work orders on more than 

90 research projects from the departments 

of Defense and Agriculture, most of which 

involve military readiness, cancer research, 

and research on the spread of airborne in-

fectious diseases.

As Science went to press, Harvard hadn’t 

confirmed any specific stop-work orders 

beyond three that were reported by me-

dia outlets before the new NIH freeze. 

The largest by far involves $60 million 

in NIH funding for immunologist Sarah 

Fortune, who runs a multicenter network of 

researchers studying tuberculosis. Fortune 

had told multiple media outlets that los-

ing the funding might eventually force her 

lab to euthanize rhesus macaques it uses to 

test vaccines for the disease. But The Boston 

Globe reported that Fortune last week was 

promised $500,000 by the nonprofit Open 

Philanthropy, already a funder of her work, 

to keep the monkey vaccine trial going.

In another 16 April NIH email seen 

by Science, the agency told Harvard re-

searcher David Walt to immediately stop 

work on his $650,000 contract studying di-

agnostics and treatments for amyotrophic 

lateral sclerosis. And Harvard’s Donald 

Ingber, who is developing computer chip–

size devices with fluid channels called 

“organs-on-chips,” which mimic the physio-

logy of human livers and other organs, 

also received stop orders on two non-NIH 

contracts. One is a $15.9 million contract 

from the Biomedical Advanced Research 

and Development Authority—a division 

of HHS—to test treatments for radiation 

exposure using the devices; the other is a 

$3.2 million contract from NASA to study 

the health effects of spaceflight, including 

with devices intended to accompany astro-

nauts scheduled to orbit the Moon in 2026. 

Any funding delay “may kill the whole 

program,” Ingber says. He notes that the 

Trump administration has announced plans 

to send humans to Mars within a few years. 

“There’s no way we’ll ever go to Mars if we 

can’t figure out how to mitigate radiation 

toxicities,” he says.

Walt says his lab may be able to weather 

losing its NIH contract, but further cuts 

might force him to lay off staff. Earlier this 

year, then-President Joe Biden awarded him 

the National Medal of Technology and In-

novation for his work on genetic and pro-

teomic analysis tools and research into 

neurodegenerative diseases. 

“There’s no words to describe my disap-

pointment with our government at this 

point,” Walt says. The Trump administra-

tion’s approach to slashing biomedical re-

search “is going to cost lives.” j

Astronomers claim Chinese 
star catalog is world’s oldest
Novel computer analysis of records ascribed to legendary 
Chinese astrologer dates them to nearly 2400 years ago

SPACE

The faded, reddish stars on this seventh century 

Chinese star chart belong to a catalog created by 

astronomer Shi Shen. 



Chinese historical records,” He says. “These 

discoveries left us deeply surprised.”

The analysis suggests Shi’s catalog is 

the world’s oldest, beating out a catalog 

created near the Mediterranean around 

130 B.C.E. by the influential Greek astrono-

mer Hipparchus. However, not all outside 

historians of science are convinced, includ-

ing Yang, who also studies how to date an-

cient astronomical records.

Part of the trouble is that Shi’s catalog 

has passed through many hands. Shi is 

said to have lived during the fourth cen-

tury B.C.E., serving as a court astrologer to 

one of the kingdoms during China’s War-

ring States period. That his constellations 

have survived is nothing short of miracu-

lous: In the third century C.E., another as-

tronomer recopied Shi’s data points, or at 

least data credited to astronomers working 

in Shi’s school of thought. This catalog sur-

vived because it was itself recopied during 

the Tang dynasty in the eighth century, 

into a catalog known today from only a few 

surviving manuscripts—one of which was 

reportedly found in the belly of a Buddha 

statue 400 years ago.

Yang says that if most of the Shi data 

points are taken at face value, they seem to 

split into two age clusters, including one that 

points to the mid-300s B.C.E., a finding that 

was first established in 1929. But Yang adds 

that for decades, historians have argued that 

Shi’s data shouldn’t be taken at face value.

Following others including Xiaochun Sun 

at the Chinese Academy of Sciences, Yang 

has argued that many of Shi’s more ancient-

looking coordinates can best be explained if 

they were measured by an instrument that 

was misaligned from the true celestial north 

pole by about 1°. This would exaggerate the 

amount of precession between the coordi-

nates’ measurement date and today on one 

hemisphere of the sky, while underestimat-

ing it for the other hemisphere, explaining 

the two age clusters. Earlier studies, includ-

ing Yang’s own 2023 Ph.D. thesis, found that 

after accounting for a possible misalign-

ment, the Shi catalog dates to somewhere 

around or after 103 B.C.E., around the same 

time as Hipparchus’s. That time corresponds 

to when Han-period scholars were blending 

the school of Shi and other early Chinese as-

tronomical traditions into a unified whole.

Historians contacted by Science also fa-

vor this later date for Shi’s catalog because 

it helps explain why the catalog uses spheri-

cal coordinates. Historical accounts suggest 

that during the first century B.C.E., Chinese 

astronomers both invented the armillary 

sphere, a globelike device used to measure 

the sky, and adopted a cosmological model of 

a spherical universe. Any claim that spheri-

cal coordinates were measured before the 

armillary sphere’s arrival, as backdating Shi’s 

catalog implies, would be “like we dug up 

a receipt from a gas station and somebody 

wants to say it’s from 1700,” says 

Daniel Patrick Morgan, a historian at 

France’s Center for Research on East 

Asian Civilizations.

The larger context for jostling 

over the world’s oldest star catalog, 

Morgan adds, is that during the 19th 

century, Europeans asserted scien-

tific priority over other cultures, 

kicking off an ongoing fight for brag-

ging rights. Even so, Hipparchus’s 

and Shi’s catalogs are both infants 

when compared with Babylonian re-

cords that date at least to the eighth 

century B.C.E. and specify when a se-

ries of stars will rise at dawn.

For his part, He maintains that his 

algorithm can test whether the data 

fed into it come from a misaligned 

instrument. He also suggests the 

instruments and ideas behind the 

spherical coordinate system could have been 

in their early stages before the oldest surviv-

ing evidence of their introduction.

Now that He and Zhao have examined 

China’s oldest star catalog, they plan to study 

records from a later period of Chinese his-

tory: the star catalogs after the Ming dynasty, 

when Chinese and Western astronomical 

systems first came into contact. He, citing 

Chinese President Xi Jinping, says these re-

cords offer the chance to study China’s legacy 

of cross-cultural exchange, while the country 

aims to foster new collaborations today. “The 

concept emphasized by Chinese leaders—

that ‘civilizations thrive through mutual ex-

change and learning’—is vividly reflected 

in this research.” j

Joshua Sokol is a journalist in North Carolina.
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By Kai Kupferschmidt

A
fter the negotiations come … more 

negotiations. In the early hours of 

16 April, more than 3 years of delib-

erations culminated when govern-

ments around the globe—minus the 

United States—finally agreed on the 

text of a treaty to improve how the world 

prevents, prepares for, and responds to fu-

ture pandemics. “The nations of the world 

made history in Geneva today,” Tedros 

Adhanom Ghebreyesus, director-general of 

the World Health Organization (WHO), said 

after the talks concluded around 3 a.m. But 

almost immediately, work started on setting 

up the next round of negotiations.

That’s because delegates agreed to de-

fer resolution of one of the biggest stick-

ing points. The treaty sets up a system 

called pathogen access and benefit shar-

ing (PABS), which commits countries to 

sharing samples and genetic sequences 

of bacteria, viruses, and other potentially 

pandemic pathogens, but also promises 

them access to vaccines, drugs, and diag-

nostics created with that information. The 

details of the PABS system will have to be 

worked out in a future annex to the treaty, 

which will be “very, very challenging,” says 

Jeffrey Valdez, a diplomat on the Filipino 

negotiating team.

Still, getting this far was a milestone, 

says Lawrence Gostin, a global health 

law expert at Georgetown University—

especially after U.S. President Donald 

Trump announced in January that his ad-

ministration would withdraw from WHO 

and the treaty negotiations. “The achieve-

ment of finding consensus in a world torn 

asunder by the Trump administration can-

not be overstated,” Gostin says.

WHO’s member states agreed to create a 

global pandemic treaty in December 2021, 

just as the Omicron variant of SARS-CoV-2 

World agrees 
on pandemic 
treaty—without 
the U.S. 
Health experts hail “victory 
for multilateralism,” but 
some sticking points remain

GLOBAL HEALTH 

In the first century B.C.E., Chinese astronomers began using 

armillary spheres to measure celestial objects’ coordinates.



was spreading across the world, produc-

ing a massive new COVID-19 surge amid 

searing inequities in vaccine access. Coun-

tries that produced COVID-19 vaccines had 

hoarded millions of doses, whereas those 

with no vaccine plants often went without. 

One study estimated that a fairer sharing 

system could have prevented hundreds of 

millions of infections and saved 1.3 million 

lives. “To prevent what we experienced with 

COVID from happening again, we needed 

something drastic,” says Precious Matsoso, 

the South African co-chair of the inter-

governmental negotiating body set up to 

hammer out the treaty.

But the body, which included delegations 

from all member states, missed the original 

deadline of May 2024 and negotiations were 

extended for another year, with several gru-

eling marathon sessions in the very last 

week. The resulting 30-page treaty covers 

everything from protecting health workers 

and strengthening regulation of new drugs 

and vaccines to reducing risks of pathogens 

spilling over from animals to humans.

The PABS system was a bone of contention 

until the end. Countries agreed on the need 

to share information about pathogens—

allowing the world to track how they’re 

evolving—but debates raged about how 

many vaccine and drug doses should be 

set aside for use in developing countries, at 

what cost, and how binding these commit-

ments would be. In the final compromise, 

manufacturers committed to donating 10% 

of their production to WHO, with a target 

of offering another 10% at affordable prices.

That may not be ideal, but it marks huge 

progress, says Aalisha Sahukhan, Fiji’s lead 

negotiator. “There was a point in the ne-

gotiations when there was a real feeling 

that some developed countries just would 

not accept any set-asides,” she says, “which 

would have been devastating to the treaty.” 

Still unresolved is exactly how the PABS 

system will work: how databases will be set 

up so that information is rapidly accessible 

to everyone but companies’ use of the data  

can be tracked. “We brokered language that 

basically defers conclusion of that debate,” 

Valdez says.

Technology transfer was the other major 

sticking point. Developing countries in par-

ticular want to become more self-reliant by 

pushing drug developers and vaccine compa-

nies to share their technology and help build 

production facilities. (As Sahukhan puts it, 

the PABS system is about how the cake is di-

vided during a pandemic and tech transfer is 

about “sharing the recipe so that cake can be 

made in more places in the world.”)

Early drafts described tech transfer as 

occurring “on mutually agreed terms,” a 

standard phrase in international agree-

ments, but some countries with big phar-

maceutical industries pushed for including 

the word “voluntary.” Developing coun-

tries worried that could set a precedent 

for tech transfer under other agreements. 

“That word, ‘voluntary,’ was a red line for 

a number of countries—and in both di-

rections,” says Alexandra Phelan, a global 

health lawyer at Johns Hopkins University 

who has closely followed the negotiations. 

In the final hours, countries agreed to use 

only “mutually agreed terms,” with a foot-

note defining that phrase for this treaty as 

“willingly undertaken.”

The outcome can be seen as disappoint-

ing, says Ellen ‘t Hoen, a Dutch lawyer and 

public health advocate. “There are few hard 

new obligations for member states,” she says. 

Still, laying down a new framework on how 

to collaborate during future pandemics is 

“no small feat and a victory for multilateral-

ism,” she says. But Clare Wenham, a global 

health expert at the London School of Eco-

nomics, says the text is “very soft in places” 

and “doesn’t really alter the status quo” on 

tech transfer. “I don’t think this is the big 

win for multilateralism some are claiming,” 

Wenham says. “I very much hope I’m wrong.”

The World Health Assembly, the annual 

meeting of WHO member states, is set to 

officially adopt the treaty in May. Countries 

are now working on a plan for resolving the 

PABS disputes. An early version calls for 

establishing a group of experts to come up 

with a draft of the PABS annex, which could 

hasten consensus, Matsoso says. “If you 

want to bring the negotiators … you spend 

half a day listening to their speeches,” she 

says. “If you want this done quicker, bring 

scientists.” The PABS annex, if it’s ham-

mered out, could be adopted at the World 

Health Assembly in 2026, after which the 

entire treaty would be opened for signa-

tures. It will enter into force 1 month after 

60 countries have ratified it.

The U.S., a major producer of pharmaceu-

tical products, won’t be bound by it, which 

weakens the treaty. But U.S.-based manu-

facturers are likely to join the PABS system, 

“even if reluctantly,” Gostin predicts. “They 

will need unimpeded access to pathogen 

samples and genomic sequencing data as a 

prerequisite to scientific innovation.” j

25 APRIL 2025 • VOL 388 ISSUE 6745    345SCIENCE   science.org

P
H

O
T

O
: 

C
H

R
IS

T
O

P
H

E
R

 B
L

A
C

K
/

W
O

R
L

D
 H

E
A

L
T

H
 O

R
G

A
N

IZ
A

T
IO

N
 V

IA
 G

E
T

T
Y

 I
M

A
G

E
S

French diplomat Anne-Claire Amprou (left), co-chair of negotiations, and WHO head Tedros Adhanom Ghebreyesus after a pandemic treaty was finalized on 16 April.



By Erik Stokstad

G
enerations of high school students 

have learned how the 19th cen-

tury Austro-Hungarian friar Gregor 

Mendel discovered basic principles 

of genetics by studying peas, which 

he planted by the thousands in the 

garden of his abbey. After cross-pollinating 

varieties and noting the proportions in 

which traits such as flower color occurred 

in their offspring, he revealed the math-

ematical patterns of recessive and dominant 

inheritance—a fundamental breakthrough 

in genetics. But, working decades before 

genes were identified as the mechanism of 

heredity, Mendel knew nothing about the 

molecular basis of his seven traits, which re-

mained “seven riddles,” says Shifeng Cheng, 

an evolutionary geneticist at the Agricultural 

Genomics Institute at Shenzhen (AGIS).

In recent decades, researchers have 

gradually mapped those traits onto DNA 

sequences, identifying the genes behind 

four of them. Now, in the largest genomic 

study of peas yet, published this week in 

Nature, Cheng and his colleagues reveal 

the genes associated with the remaining 

three, as well as many other genes that pea 

breeders could use to improve the plants. 

“This is another milestone in plant genom-

ics,” says Aureliano Bombarely, a plant ge-

nomicist at the Institute of Molecular and 

Cellular Biology of Plants who wasn’t in-

volved in the work.

The first of Mendel’s traits to be linked to 

a gene was seed shape. Some pea varieties 

have seeds that wrinkle if dried and taste 

sweet when served fresh. Mendel showed 

they have recessive “wrinkled” alleles. Peas 

with a dominant “round” allele stay smooth 

when dry and are less sweet, often going to 

soup or animal feed. In 1990, researchers at 

the John Innes Centre (JIC) identified the re-

sponsible gene, which codes for an enzyme 

that helps convert sugars to starch. Its domi-

nant form packs the seeds with starch and 

keeps them smooth, whereas the recessive 

allele makes an inactive enzyme that leaves 

more sugar in the seeds. Scientists at JIC and 

elsewhere subsequently discovered the genes 

behind three other traits: plant height, and 

flower and seed color.

The large size of the pea genome and a 

general emphasis on higher profile crops 

such as wheat, maize, and rice slowed further 

progress. “Peas don’t get a whole lot of atten-

tion,” says Rebecca McGee, a plant scientist at 

Washington State University. But as sequenc-

ing costs fall, that’s changing.

The entire pea genome was sequenced in 

2019. Researchers in China went on to se-

quence 237 kinds of peas and compile their 

genetic differences into a map, published 

last year. This diversity allowed them to 

identify 29 million genetic markers, called 

single nucleotide polymorphisms (SNPs), 

that pea breeders can use to guide and ac-

celerate crop improvement.

Now, Cheng has partnered with col-

leagues at JIC to vastly expand the catalog 

of variations. JIC has a historic connection 

to Mendel: In the early 20th century its 

first director, pioneering geneticist William 

Bateson, helped disseminate Mendel’s find-

ings and prioritized research on pea ge-

netics. Since then it has collected several 

thousand varieties of pea, including from 

the Middle East, where the crop was do-

mesticated, and from Ethiopia and the Hi-

malayas, two other hot spots of diversity, 

amassing a large and varied collection.

Together, AGIS and JIC sequenced nearly 

700 pea varieties, spanning the diversity of 

the collection. This yielded 155 million SNPs 

that they correlated with physical traits of 

the plants, allowing them to narrow down 

the location of important genes. “It is a 

great accomplishment for the pea,” says Tom 

Warkentin, a plant breeder at the University 

of Saskatchewan.

Among those genes are ones for the three 

remaining Mendel traits: the color of the 

pea pod, the arrangement of flowers, and 

whether the pods are edible. “We have finally 

provided an answer to this 160-year-old rid-

dle,” Cheng says. The new details show, for 

example, that yellow pods occur in plants 

with DNA missing next to a gene involved in 

making chlorophyll. Cheng’s group believes 

the defective RNA transcribed from that 

DNA region interferes with chlorophyll syn-

thesis, leading to pallid pods.

That particular insight might not lead 

directly to improved peas, but others likely 

will. Take the genetic basis for tendrils. By 

intertwining, these modified leaflets help 

pea plants stay upright and make harvesting 

much easier. In the 1980s breeders produced 

varieties with plentiful tendrils, a trait con-

trolled by a gene called afila. But the same 

afila alleles that cause pea plants to grow 

more tendrils and fewer leaves can also lower 

yield by somehow deleting adjacent genes 

that influence the number and weight of 

seeds. By revealing exactly where on the ge-

nome the deletions start and stop, Cheng and 

colleagues hope to help breeders select afila 

alleles that don’t delete the flanking genes.

Many other traits in peas are determined by 

multiple genes, and there, too, genomic maps 

with plentiful markers will help breeders 

build on the heritage of Mendel, Warkentin 

says. “All these developments add to the tool-

box of plant breeders.” j
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Last of Mendel’s seven 
genetic riddles solved
Massive pea study probes the basis of Mendelian 
traits and expands breeders’ toolbox

GENETICS

Yellow pods were a clue that helped Gregor Mendel 

figure out patterns of heredity.



By Jeffrey Mervis

T
he National Science Foundation 

(NSF) has spent billions of dollars 

over several decades trying to at-

tract more women and members of 

underrepresented groups into sci-

ence, technology, engineering, and 

math (STEM). But President Donald Trump 

says such efforts “stigmatize” people in the 

United States based on their race or sex 

and has ordered the agency to stop funding 

them. So last week NSF reversed course and 

began to terminate what could be as much 

as $2 billion in grants.

An NSF spokesperson declined to 

comment on how the axed grants 

were selected, except to say they were 

“not aligned with agency priorities.” 

The agency’s 18 April announcement 

flagged those relating to “diversity, 

equity, and inclusion (DEI)” as well 

as “research with the goal of combat-

ing ‘misinformation,’ ‘disinformation,’ 

and ‘malinformation’ that could be 

used to infringe on the constitution-

ally protected speech rights of Ameri-

can citizens.”

Sources tell Science that NSF’s ac-

tions were driven by a report issued 

last fall by Senator Ted Cruz (R–TX), 

chair of a committee that oversees 

NSF and other science agencies. 

The agency had “politicized” its 

$9 billion research portfolio under 

former President Joe Biden, accord-

ing to the report, which listed $2 billion in 

“questionable projects that promoted [DEI] 

tenets or pushed onto science neo-Marxist 

perspectives about enduring class struggle.” 

The report also singled out NSF research in 

environmental and social justice.

The top Democrat on the committee 

overseeing NSF in the House of Represen-

tatives deplores NSF’s moves. “The Ameri-

can people do not want a system where 

politicians, be they in the Senate or in the 

White House, decide which scientific proj-

ects to fund or defund based on their bi-

ases,” declared Representative Zoe Lofgren 

(D–CA), who has rejected Cruz’s descrip-

tion of the NSF-funded projects. “I call on 

the [NSF] director to reverse course im-

mediately and protect the integrity of NSF 

and the U.S. scientific enterprise.”

That’s not going to happen, predicts one 

former NSF director. “The NSF director has 

no choice but to do what the White House 

tells him to do, or resign,” says Neal Lane, 

who held the job 30 years ago under then-

President Bill Clinton.

In February, NSF began to vet active 

grants it suspected might run afoul of 

an executive order issued by Trump on 

21 January, which called for “ending 

illegal discrimination.” Although NSF 

never announced the results of that post-

award screening, many program officers 

assumed they would be talking with grant-

ees to modify offending portions of their 

grants. But that never happened, accord-

ing to sources at the agency. Instead, they 

say, late last week members of Elon Musk’s 

Department of Government Efficiency told 

NSF officials to terminate the 3483 grants 

listed in Cruz’s report.

Science educator Tammie Visintainer of 

San Jose State University had one of those 

grants. She’s been on edge ever since Cruz 

devoted two pages to her 5-year, $786,000 

project to help secondary school teachers 

prepare classroom units on urban heat is-

lands and guide students in researching 

the health and environmental effects of 

such hot spots. Cruz said her project and 

others like it “allege discrimination in the 

environmental sciences … and emphasize 

activism over scientific investigation.”

Visintainer says Cruz’s critique of her 

project, which serves teachers and stu-

dents of all backgrounds and income levels 

across the San Jose area, makes no sense. 

“My program is open to anyone, and I don’t 

pick the teachers or the students,” she says. 

“So I don’t understand what crime I’m sup-

posed to have committed.”

Former top NSF policymakers say 

they’ve never heard of such after-the-fact 

tinkering with NSF’s highly regarded sys-

tem for choosing which proposals to fund, 

much less the outright cancellation of a 

grant. “The announcement made me very 

sad,” says Tufts University computer sci-

entist Diane Souvaine, a former chair of 

NSF’s oversight body, the National 

Science Board. “Once an award is 

made, the PI [principal investiga-

tor] should be free to carry out the 

research they have proposed.”

At the same time, Souvaine says 

she has told colleagues who have 

had their grants terminated to re-

think their research plans to con-

form to the new political landscape. 

“And that means avoiding activities 

that serve only those with certain 

characteristics,” she says.

A Q&A section on NSF’s website 

says the agency will no longer accept 

research proposals that “indirectly 

preference or exclude individuals or 

groups based on protected charac-

teristics,” a phrase that refers to a 

person’s race, sex, religion, age, or 

disability. But the site also includes 

a personal note from NSF Director 

Sethuraman “Panch” Panchanathan that 

says, “NSF will continue to support basic 

and use-inspired research in S&E [sci-

ence and engineering] fields that focus on 

protected characteristics when doing so 

is intrinsic to the research question and is 

aligned with Agency priorities.”

Lane thinks that language should of-

fer a ray of hope to scientists dismayed 

by NSF’s decision to retract so much of its 

research portfolio. “To me, those words are 

his attempt to stay as close to NSF’s statu-

tory mission as he can without violating the 

president’s order,” Lane says. “That mission 

begins with ‘promoting the progress of sci-

ence.’ And you can’t do that without making 

sure that everybody has an equal opportu-

nity to participate in STEM. I think Panch’s 

statement is an indication NSF is still com-

mitted to doing that.” j
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After spending billions to increase diversity in science, the National 

Science Foundation has changed course.

TRUMP ADMINISTRATION 

NSF kills grants to comply with war on woke
Senator’s report seen as blueprint for targeting up to $2 billion in funding



By Dan Charles

O
n the morning of 2 April, shortly be-

fore U.S. President Donald Trump 

unveiled his sweeping plan to im-

pose tariffs on most of the nation’s 

trading partners, a research team 

at the University of Cambridge was 

debating whether its computer model of 

global supply chains could accurately pre-

dict the effects of trade barriers. How would 

industrial networks adapt, for instance, if a 

cluster of “geopolitically friendly” countries 

required electric vehicle batteries to be 

manufactured domestically? One student 

mused that they would have to “wait for a 

natural experiment” to validate the model’s 

predictions, recalls Alexandra Brintrup, 

leader of the research group.

Then, “That very evening, the natural 

experiment began with [Trump’s] ‘Libera-

tion Day’ announcement,” Brintrup wrote 

in an email to Science. “So now we are very 

much watching the events unfold!”

Many economists have condemned the 

Trump administration’s tariff offensive. 

They argue it will bring disruption and 

economic hardship to much of the world. 

Yet it’s also presenting researchers with 

an unprecedented chance to test theories 

and launch new research projects. “It’s 

an opportunity that I’ve been waiting for, 

similar to an epidemiologist waiting for 

an outbreak, to understand the world,” 

says César Hidalgo, a physicist–turned–

economics researcher at the Toulouse 

School of Economics.

In the days after Trump’s announcement, 

Hidalgo turned to a model of international 

trade that tracks the flows of thousands of 

different products, depicting them visually 

as a weblike structure. “We ran a simula-

tion, using the Liberation Day tariffs,” 

Hidalgo says, and found that “the world 

basically rewires itself in a way that is not 

so centered on the United States anymore.” 

In the computer-generated web of trade, 

links between the U.S. and other countries 

weakened. French aircraft exports, mean-

while, grew, as did exports of shoes from 

Mexico and Central America.

Brintrup’s research group, called the 

Supply Chain AI Laboratory, launched a 

similar exercise and ran a Trump-tariff 

scenario through its model of industrial 

supply chains. In preliminary results, com-

panies ended up buying from a larger num-

ber of suppliers, increasing their costs.

Real-world economic data that emerge 

in coming months or years could, at least 

in theory, validate these predictions or 

reveal weaknesses in the assumptions 

of each model. But the results might not 

be clear-cut.

For one thing, Trump keeps changing 

his mind. Since the initial announcement 

he has rolled back some tariffs, warned of 

new ones, and exempted certain products, 

such as mobile phones, from the highest 

tariff rates. He’s also promising negotia-

tions with dozens of individual countries, 

potentially leading to different deals with 

each one.

In addition, many changes are happen-

ing simultaneously, “so it’s actually a hor-

rible setup for a natural experiment,” says 

Jesse Anttila-Hughes, an economist at the 

University of San Francisco. “Trump is si-

multaneously implementing tariffs and 

destroying major federal agencies and as-

saulting the rule of law and reorganizing 

geopolitics.” As a result, it likely won’t be 

clear what caused any particular outcome.

According to William Ridley, an econo-

mist at the University of Illinois Urbana-

Champaign, “The only concrete aspect of 

the current situation seems to be the ex-

treme uncertainty that it’s causing.”

As it happens, uncertainty itself is in-

creasingly the focus of economic research, 

and the current crisis is boosting its rel-

evance. “This is an extreme case of un-

certainty,” says Nuno Limão, an economist 

at Georgetown University who’s among the 

pioneers of this field.

In earlier research, Limão measured the 

effects of uncertainty by analyzing what 

happened when China won entry to the 

World Trade Organization (WTO). The 

boom in trade that followed far exceeded 

what classical theories would have pre-

dicted, based on lower tariffs alone. Limão 

and his colleagues argued that much of 

the boom resulted instead from greater 

certainty that WTO membership created 

about the rules of trade with China.

The Trump administration’s trade war, 

however, “is basically the opposite,” Limão 

says, adding that he and a colleague are 

weighing whether to update their past 

models of the economic impacts of un-

certainty. “Trade agreements don’t really 

mean anything under this administration.”

According to Limão, the lack of clarity 

caused by the emerging global trade con-

flict will likely do its part to impair global 

trade. The chance it offers to learn, he says, 

“is about the only silver lining.” j
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A truck carries goods into the United States from Mexico, which could face much higher U.S. tariffs.

ECONOMIC RESEARCH 

Trade war is ‘natural experiment’ for economists
Rare chance to study tariffs might be “the only silver lining” in Trump policies, one says
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early 2 decades ago, more than 

240 women who had recently given 

birth in Da Nang, Vietnam, got 

an unusual request from visiting 

nurses checking on their newborns: 

Could we collect a small sample of 

your breast milk?

The mothers had volunteered for 

a study scientists hoped would an-

swer a question that had haunted Vietnam 

since what it calls the Resistance War Against 

America ended in 1975: Had the U.S. mili-

tary’s massive aerial spraying of vegetation-

killing chemicals during the conflict put chil-

dren’s health at risk?

By the time the milk-collecting effort be-

gan in 2008, researchers already knew those 

herbicides—collectively called Agent Orange, 

after the orange stripe painted on the bar-

rels holding one formulation—were tainted 

with a highly toxic dioxin, a long-lived 

chemical linked to an array of human health 

problems. Postwar surveys had found that 

relatively high concentrations of dioxin lin-

gered in some of Vietnam’s soils and aquatic 

sediments, especially near former U.S. air 

bases—such as the one in Da Nang—that had 

handled vast volumes of the chemicals. And 

Agent Orange had been anecdotally linked 

to reports of birth defects in communities 

exposed to the spraying, which lasted from 

1961 to 1971. 

As years went by, Vietnam asserted 

that those harmed by Agent Orange in-

cluded the second-, third-, and even fourth-

generation relatives of those who experi-

enced the spraying, because of dioxin linger-

ing in the environment or inherited health 

effects. The country put birth defects at the 

center of its descriptions of the horrors of 

Agent Orange. But few studies had attempted 

to rigorously examine a link, until the Da 

Nang work. Led by environmental health 

F E AT U R E S

Fifty years after the Vietnam War, researchers are still struggling to document the
long-term health effects of the massive spraying of Agent Orange and other herbicides   

By Dennis Normile
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scientist Muneko Nishijo of Kanazawa Medi-

cal University and public health specialist Tai 

Pham-The of the Vietnam Military Medical 

University, it aimed to document dioxin lev-

els in the milk of new mothers, then follow 

their children as they matured.

Now, Vietnam is preparing to mark the 

50th anniversary of the event that ended 

the war—the capture of Saigon, now Ho Chi 

Minh City, by North Vietnamese and Viet 

Cong forces on 30 April 1975. Yet that study 

remains one of the few ongoing research ef-

forts on the long-term health effects of the 

bitter conflict, which cost the lives of some 

3.3 million Vietnamese and nearly 60,000 

U.S. service members. It did not resolve the 

birth defects question. But Nishijo and Tai 

did find evidence that the chemical can af-

fect brain development in exposed children, 

and others are studying how the conflict 

is still affecting the physical and mental 

health of those who lived through it (see 

sidebar, p. 353).

By now, most Vietnamese have no mem-

ory of the war, as the majority of the nation’s 

101 million people were 

born after it ended. And 

finding support for stud-

ies to understand the war’s 

continuing impact is prov-

ing increasingly difficult, as 

neither the United States 

nor Vietnam appears eager 

to revisit that era. But, “The 

ongoing burden of disease 

among exposed populations 

means that Vietnam’s dioxin 

legacy remains a significant 

public health challenge,” 

says environmental health 

scientist Tran Thi Tuyet-

Hanh of the Hanoi Univer-

sity of Public Health. 

THE VIETNAM WAR marked 

the biggest deployment of 

herbicidal warfare the world 

has ever seen. Between 1961 

and 1971, lumbering aircraft 

sprayed an estimated 74 mil-

lion liters of the chemicals 

over South Vietnam as well 

as border areas of Laos and 

Cambodia. The goal was to 

strip foliage from mangrove 

swamps and dense forests that were pro-

viding cover for North Vietnamese and Viet 

Cong troops, and to destroy crops they relied 

on for food.

The weapons of choice were called the 

rainbow herbicides—a half-dozen formula-

tions identified by names such as Agent Pink 

and Agent White, after the colors used to 

mark barrels. Agent Orange, which became 

the most notorious, was a 50-50 blend of 

two commercially available herbicides, 2,4-

dichlorophenoxyacetic acid and 2,4,5-

trichlorophenoxyacetic acid (2,4,5-T). The de-

foliants were believed to be harmless to hu-

mans, and U.S. troops typically handled them 

without wearing protective gear. 

By the late 1960s, however, lab experi-

ments showed 2,4,5-T could cause abnormal-

ities and stillbirths in mice, and there were 

reports of human birth defects in sprayed 

areas of Vietnam. Later it became clear that 

the herbicide manufacturing process intro-

duced a particularly toxic dioxin, known as 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 

into Agent Orange and other herbicides. Four 

years before the war ended, the U.S. aban-

doned its decadelong spraying campaign 

amid mounting international condemnation 

and concerns about safety.

Today, there is broad consensus that dioxin 

poses serious health risks to those directly ex-

posed, including Vietnamese citizens and sol-

diers as well as members of the armed forces 

of the U.S. and other countries that aided it 

during the war: South Korea, 

Australia, and New Zealand. 

That consensus rests, in part, 

on efforts by the U.S. govern-

ment to assess how exposure 

affected the health of U.S. 

veterans. In 1992, the De-

partment of Veterans Affairs 

asked the Institute of Medi-

cine, now part of the U.S. Na-

tional Academies of Sciences, 

Engineering, and Medicine 

(NASEM), to review the sci-

entific literature and provide 

biennial updates. The last of 

those reports, Veterans and 

Agent Orange, appeared in 

2018 and identified 19 cancers 

and other conditions with 

“sufficient” or “suggestive” ev-

idence of an association with 

exposure to the herbicides 

(see table, left). Vietnamese 

investigators separately pro-

duced a similar list.

But such studies largely 

left open one of the most 

visible and contentious ques-

tions surrounding Agent 

Orange: whether the com-

pounds pose risks not just for those who 

were directly exposed, but for their children.

THE CONCERN about future generations was 

prompted, in large part, by the worrisome 

staying power of TCDD, the dioxin that con-

taminated Agent Orange. Unlike the herbi-

cide itself, which decomposes within hours 

to days, TCDD can survive up to 3 years in 

soil that is exposed to sunlight. If leached into 

river or pond sediment, it can have a half-life 

of more than 100 years—more than enough 

time to be picked up by fish, ducks, and other 

animals that people eat. (People can also in-

hale contaminated dust and absorb dioxin 

through the skin.) Once in the human body, 

dioxin can lodge in breast and other fatty tis-

sue and have a half-life of 7 to 11 years. It can 

also contaminate breast milk and be passed 

to breastfeeding babies.

Since the 1970s, numerous animal studies 

have found that fetuses exposed to dioxin can 

exhibit a wide range of birth defects and de-

velopmental problems, suggesting an impact 

on human fetuses is biologically plausible. 

But documenting it has proved difficult. 

Because of the Agent Orange spraying, 

Vietnam was the obvious place to seek an 

answer. In 2003, the U.S. National Institute 

SUFFICIENT EVIDENCE

• Soft-tissue sarcoma 

• Non-Hodgkin and 

 Hodgkin lymphoma

• Chronic lymphocytic 

 leukemia 

• Chloracne

• Hypertension 

SUGGESTIVE EVIDENCE 

• Laryngeal, lung, and

 bladder cancer

• Multiple myeloma

• Parkinson’s disease 

• Ischemic heart disease

• Stroke

• Hypothyroidism

NO CONSENSUS 

• Type 2 diabetes 

Looking for links
A 2018 U.S. National 

Academies report found 

“sufficient” or “suggestive” 

evidence linking 19 conditions 

to herbicide exposure.

During the war in Vietnam, 

the U.S. military sprayed 

herbicides on an estimated 

2.2 million hectares 

of forest and farmland.
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of Environmental Health Sciences (NIEHS) 

approved a 5-year, $3.5 million study pro-

posed by public health physician David Car-

penter of the University at Albany. It planned 

to analyze dioxin levels in the blood of 300 

Vietnamese mothers of babies with birth de-

fects, using 300 mothers of healthy infants 

as controls. But NIEHS canceled the study in 

2005 after failing to agree on research proto-

cols with Vietnam’s Ministry of Health. 

The next year, a team led by Tuan Van 

Nguyen, then at the Garvan Institute 

of Medical Research, published a meta-

analysis of 22 studies, including unpublished 

 Vietnamese-language reports, that suggested 

mothers exposed to Agent Orange were twice 

as likely to have children with birth defects 

as those not exposed. But that conclusion, 

reported in the International Journal of 

Epidemiology, proved controversial. In a 

commentary in the same journal, toxicologist 

Arnold Schecter of the University of Texas 

and surgeon John Constable of Harvard 

Medical School criticized the paper for rely-

ing on old, non–peer-reviewed publications. 

“We know of no non-Vietnamese studies link-

ing herbicide or dioxin exposure to congeni-

tal malformations other than spina bifida 

and anencephaly,” the pair wrote. (In 2014, 

the NASEM committee that produced that 

year’s update to Veterans and Agent Orange 

reviewed additional evidence and concluded 

it was “inadequate or insufficient” to link 

Agent Orange to any birth defects, including 

spina bifida.) 

Nguyen, now at the University of Techno-

logy Sydney, says that although their work 

suggested an association between Agent Or-

ange exposure and birth defects, many of the 

studies they drew on were observational. As 

a result, “We avoided causal conclusions.” But 

more rigorous cohort studies that tracked 

individuals in a way that would rule out 

confounding factors, such as maternal age 

and exposure to other chemicals, could yield 

firmer conclusions, he says.

A good opportunity to launch those stud-

ies was missed, Nguyen says. By the mid-

2000s, Vietnamese and U.S. researchers had 

measured the dioxin burdens of a significant 

number of individuals from across Vietnam, 

which could have enabled a large-scale study 

of the birth defects question. But Vietnamese 

authorities never acted on Nguyen’s sugges-

tion to use those data. “The study was entirely 

feasible, yet it was never conducted, which 

was deeply disappointing,” Nguyen says.

Several factors explain the lackluster sup-

port, scientists say. One is that the topic “is 

extremely political” in both Vietnam and 

the U.S., Carpenter says. For example, if his 

2003 study “had shown what we expected”—

that herbicide exposure was linked to birth 

defects—the U.S. might have been “expected 

to pay reparations to Vietnamese children.” 

Alternatively, if it had found no link, that 

might have “embarrassed” the Vietnamese 

government, which has long highlighted 

birth defects as Agent Orange’s most promi-

nent harm.

At this point, Carpenter says, “It looks in-

creasingly hopeless to think that an adequate 

study [of the birth defects question] will ever 

be funded and done.”

FOR THE MOMENT, Nishijo’s and Tai’s breast 

milk study is the only ongoing epidemio-

logical study focusing on dioxin in Vietnam, 

Nishijo notes. Launched in Da Nang, it has 

since expanded to a second cohort near the 

former Bien Hoa Air Base, another hot spot, 

and a control group. But the study is unlikely 

to provide a definitive answer to the birth de-

fects question. “Our cohort is too small to in-

vestigate congenital anomalies,” because they 

occur rarely, Nishijo says.

Still, in dozens of papers published over 

the past 15 years, the team has documented 

other links. In particular, they have found 

that a high level of dioxin in a mother’s milk—

a proxy for fetal exposure—is associated with 

slower physical growth and lagging neuro-

development in their children. Boys exhibit 

learning difficulties, for example, whereas 

girls show attention deficit hyperactivity dis-

order and autism. 

The papers “provide strong evidence” that 

living near sites contaminated by Agent Or-

ange can result in high dioxin body burdens 

that are associated with behavioral disor-

ders in children, says Steven Stellman, an 

epidemiologist now retired from Columbia 

University who was long involved in Agent 

Orange studies. 

If funding allows, Nishijo and Tai intend to 

keep following the children as they age. That 

could reveal links between dioxin exposure 

and cancers and other diseases that manifest 

later in life.

In the meantime, other researchers say 

there’s another issue surrounding the long-

term health impacts of Agent Orange that P
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In Vietnam, the government has asserted that contamination from herbicide spraying by the U.S. military is responsible for birth defects.
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Did the United States commit ‘ecocide’?

T
he harm to human health caused by spraying Agent Orange and other herbicides 

over southern Vietnam was unintended—but not the damage to the environment. 

The U.S. military’s effort to denude an estimated 2 million hectares of forest and 

200,000 hectares of farmland was designed to deny Viet Cong and North Viet-

namese troops food and protective cover. At the time, critics of the tactic coined a 

new term—“ecocide”—to describe the widespread destruction.

More than 50 years after the spraying ended, however, little is known about its long-

term ecological impacts. In 1983, 12 years after the herbicide campaign ended, Science 

reported that Vietnamese scientists attending a conference in Ho Chi Minh City had 

found that many sprayed upland forests that villagers tried to convert to agriculture 

were “unsuitable for growing crops and the land has become covered with a coarse, 

deep-rooting grass.” Another study presented there found only 24 bird and five mam-

mal species in a heavily sprayed forest strip; in contrast, two nearby undisturbed areas 

held 145 and 170 kinds of birds and 30 and 55 mammal species. 

Decades later, few published studies have examined how forests and wildlife have 

recovered from the spraying, researchers reported in 2021 in Environmental Science & 

Technology. After reviewing hundreds of papers related to Agent Orange, the authors—

ecologists Truong Ngoc Kiem of Vietnam National University and Dinh Van Khuong of 

the University of Oslo—found just one related to wildlife. That paper, which appeared 

in the Vietnamese Journal of Primatology in 2009, reported that fecal samples could 

reveal dioxin burdens in douc langurs residing in sprayed areas, but did not reach con-

clusions about the health impacts of the exposure.

The lack of Agent Orange follow-up is unfortunate, Dinh says. “We missed a lot of 

opportunities to learn if this has a negative impact on ecosystems,” he says, “and to find 

solutions to recover those ecosystems.” —D.N.

could still be studied—if funders are willing 

to step forward. It is the question of whether 

exposure has caused fundamental biological 

changes in people that can be handed down 

from generation to generation.

Vietnamese scientists and officials contend 

they are seeing such multigenerational effects 

resulting in birth defects several generations 

after exposure. And although the authors 

of the 2018 NASEM report concluded there 

was “inadequate or insufficient evidence” of 

epigenetic effects, they strongly encouraged 

more study of the issue. 

Here, too, there is suggestive evi-

dence from animal experiments. Michael 

Skinner, a biologist at Washington State Uni-

versity, has reported that, in rodents, genetic 

changes and adult-onset diseases linked 

to dioxin exposure can be seen in fourth-

generation descendants. 

Recent human research also lends sup-

port to the idea. Cristina Giuliani, a bio-

logical anthropologist at University of Bolo-

gna, and colleagues at the Hue University of 

Medicine and Pharmacy and the University 

of California (UC), Riverside focused on an 

epigenetic mechanism called DNA meth-

ylation and how it affected the expression 

of one particular gene, CYP1A1, which has 

a role in breaking down toxic compounds, 

making them easier to be eliminated from 

the body. “TCDD is different as it cannot 

be fully detoxified and its presence further 

stresses the detoxification system,” she says. 

In a 2018 Environmental Pollution paper, 

they reported that the offspring of Vietnam-

ese parents exposed to Agent Orange shared 

a distinctive CYP1A1 DNA methylation sig-

nature that was not seen in the children of 

parents with no exposure. 

Giuliani is careful to note that the study 

“does not experimentally demonstrate that 

exposure to dioxin is transmitted to descen-

dants.” And it does not address the question 

of whether any changes are harmful, benefi-

cial, or neutral. 

Getting a firmer grip on those issues, re-

searchers say, would require epigenetic stud-

ies comparing several generations of exposed 

and nonexposed populations. But there are 

“no studies like that yet,” Skinner says. And 

finding the funding to conduct such studies 

in Vietnam, he says, “would be difficult … due 

to the politics of the situation.”

THE 50TH ANNIVERSARY of the end of the 

war is likely to draw renewed attention to 

the Agent Orange era. But many research-

ers doubt it will lead to a substantial surge 

in scientific activity. One obstacle is that 

Vietnam now has “more pressing environ-

mental health issues,” such as increasingly 

severe air pollution from sources including 

the widespread burning of plastic waste, 

A sign warns passersby of dioxin contamination at the former U.S. Bien Hoa Air Base, which handled 

vast volumes of herbicides during the Vietnam War.

says David Biggs, an environmental histo-

rian at UC Riverside who has studied the 

Agent Orange controversy.

Another hurdle is that the impact of Agent 

Orange is fading. In the early 2000s, the Viet-

nam Red Cross Society estimated 3 million 

people were affected by the spraying and lin-

gering contamination. But those who were 

directly exposed to the spray are dying, and 

ongoing exposure “will become less and less 

because this dioxin no longer exists in the 

environment” as it breaks down, says Le Ke 

Son, a toxicologist who led the Vietnamese 

government’s efforts to deal with the herbi-

cides. The U.S. has also paid to clean up some 

contaminated sites, although one or two hot 

spots still persist. (President Donald Trump’s 

administration recently suspended funding 

for a cleanup of the Bien Hoa site.) And even 

if biological changes due to exposure can be 

inherited, “those born with severe disabilities 

are less likely to marry and have children,” 

says Charles Bailey, who spearheaded the 

Ford Foundation’s efforts to address Agent 

Orange issues in Vietnam in the early 2000s.

Still, even 50 years on, Agent Orange 

casts a dark shadow over Vietnam. And 

Carpenter, for one, believes “we are missing 

a very important opportunity to understand 

more about the risks.” j

With reporting by Le My in Ho Chi Minh City, Vietnam.
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N
guyen Minh lived through war for 

the first 18 years of his life. Grow-

ing up in the Quẚng Bình province 

of North Vietnam, a region that 

experienced some of the most in-

tense bombing and artillery attacks 

during the Vietnam War, Nguyen 

recalls times when he and his sib-

lings fled their village to escape 

the explosions—once to the forest, another 

time to a canyon in the mountains. Both in 

the country and in Hanoi, where his fam-

ily moved when he was 8 years old, bombs 

killed friends and family members. “I can 

still recall the heartbreaking moments when 

some of my classmates were killed in those 

air raids,” Nguyen says. 

More than 50 years later, Nguyen is 

studying the physical and emotional leg-

acy of experiences like his. A sociologist 

who retired in 2023 from the Vietnamese 

Academy of Social Sciences’s Institute for 

Family and Gender Studies, he has been 

helping University of Utah sociologist Kim 

Korinek understand how experiencing the 

war early in life, as he did, has influenced 

the health and well-being of older people 

in Vietnam today. 

Launched in 2018, the Vietnam Health 

and Aging Study (VHAS) has already yielded 

new insights into the complicated health 

To understand the lasting effects of conflict, 
researchers look to those who lived through the Vietnam War as teens

A 50-YEAR SHADOW

By Jyoti Madhusoodanan
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impacts of war. The researchers have found, 

for instance, that serving in the military is 

linked to greater resilience in later life, and 

that people’s age when they lived through 

war can shape its later impacts.

The study is also a corrective. “This was a 

war that was seen through the lens of Amer-

icans,” Korinek says. Yet estimates suggest 

some 60 Vietnamese died for every one U.S. 

soldier, she says. “We owe it to the com-

munity of people in that generation who 

were affected to attempt to document the 

lasting consequences.”

Most studies of the aftermath of war have 

surveyed refugees, U.S. veterans, or sur-

vivors in Europe, says Patrick Heuveline, 

a social demographer at the University of 

California, Los Angeles who studies the im-

pacts of conflict in Cambodia. The Global 

South has been largely overlooked. “It’s 

important to diversify the experiences we 

study,” he says. And it’s rare to examine 

the impact of war so long afterward, says 

Harry Minas, a mental health researcher at 

the University of Melbourne. “It gives us a 

clearer picture of how the consequences last 

over time and how they change.”

The VHAS team surveyed about 

2400 people who were in their late teens or 

early 20s at the end of the war in 1975 and 

lived in at least one of four regions in North 

and north-central Vietnam 

that saw varying levels of 

violence. Some, such as 

Quẚng Bình, were bombed 

so heavily that it’s still com-

mon for locals to uncover 

unexploded bombs in their 

backyards and on beaches. 

In their interviews, the 

researchers asked partici-

pants about their personal 

exposure to the conflict, 

such as having a caregiver 

serving in the military, serv-

ing in the military them-

selves, or participating in 

informal youth brigades 

that assisted with war efforts such as scout-

ing for hidden explosives. 

The interviews proved challenging. 

Many participants live in rural areas, 

speak only regional dialects of Vietnam-

ese, and—given their advanced age—

struggle to remember their early child-

hood troubles. Nguyen says conducting 

the interviews resurfaced many of his 

own recollections—and the gaps in them: 

“When I speak with the participants, I 

also recall what I experienced. [But] I can 

recall only a few things from when I was 

6 or 7, and not much before that.” 

To correlate survivors’ experiences with 

their physical and mental health, the re-

searchers collected general health informa-

tion on aging-related conditions including 

heart disease, diabetes, and cognitive de-

cline as well as on post-traumatic stress as 

a result of the war. They also drew blood 

samples to check for cortisol levels and 

DNA methylation patterns, both of which 

can signal stress and aging. 

How people fared in later life seemed 

to depend on their age during the war. In 

a 2023 publication, Korinek and her col-

leagues reported that among people who 

lived in areas exposed to similar levels of 

high intensity bombing, those who were un-

der the age of 15 were more likely to report 

dizziness, joint pains, stomach issues, and 

other stress-related conditions later in life 

than those who were in their late teens or 

early 20s when the war was unfolding. 

Gender also seemed to determine how 

people processed the war. Few women in 

the study had served in the military, but 

they did everything from guiding their 

families through forced evacuations to car-

ing for the wounded to restocking arms 

and food at the frontlines. Women “really 

had a proximity to the death and pain that 

we don’t appreciate,” Korinek says. Those 

experiences left women much more likely 

to experience high blood pressure and 

other kinds of heart disease than men who 

had lived through simi-

lar levels of trauma while 

in the military, the VHAS 

data reveal. 

The results could help 

policymakers expand health 

care—at present, benefits 

for survivors only reach vet-

erans, not women or youth 

who served in these “infor-

mal” ways during the war, 

Nguyen says. Addressing 

these gaps is particularly im-

portant as economic growth 

and cultural shifts in Viet-

nam alter how older people 

are cared for, Minas adds. In 

the past, older adults may have relied on chil-

dren or grandchildren as caregivers. Today, 

they “don’t have the kind of family supports 

that they might have had 20 or 30 years ago,” 

he says. 

The VHAS researchers continue to ana-

lyze the data at hand. But efforts to collect 

more data were only funded through 2024, 

Korinek says. If she secures fresh funding, 

she hopes to include the children of VHAS 

participants, who may experience indirect 

effects of the war. Others to include in the 

next cohort are people born near the end of 

the war or in subsequent years, when food 

shortages and malnutrition were rampant. 

The work hits close to home for Toan 

Khanh Tran, a physician and VHAS investi-

gator at Hanoi Medical University who was 

4 years old at the end of the war in 1975. 

His parents told him he was born in a bomb 

shelter during a massive “carpet bombing” 

campaign. Despite losing family members 

and living through food shortages, he has 

no strong memories of the war. Working on 

the VHAS has helped him recognize that 

for survivors without active memories—or 

those who try to forget their experiences, 

as many participants say they do—“The 

trauma is still there.” j

Jyoti Madhusoodanan is a science journalist based 

in Portland, Oregon. This reporting was supported 

by a fellowship from the Journalists in Aging Fellows 

Program and the Silver Century Foundation.

Many women didn’t fight in the Vietnam 

War, but their experiences of death and 

suffering had enduring impacts.

“We owe it to the 
community of people 

in that generation 
who were affected 

to attempt to 
document the lasting 

consequences.” 
Kim Korinek 

University of Utah
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P E R S P E C T I V E S

By Gary W. Miller1 and 

 Banbury Exposomics Consortium

F
or the past two decades, the notion that 

an individual’s exposure to multiple fac-

tors in the environment can influence 

health over their lifetime has been 

steadily maturing into an indepen-

dent field of study (1). How do com-

bined exposures to chemicals in the water, 

poor nutrition, and social stressors influ-

ence metabolism, cardiovascular function, 

or cognition? Such questions are compli-

cated, and investigative research now spans 

a range of disciplines, from epidemiology 

and social science to biochemistry and mo-

lecular biology. A major challenge for this 

expanding field of exposomics has been 

conceptualizing studies and developing 

methodologies (2, 3) in ways that connect 

the relevance of environmental exposures 

to biomedical research. Strengthening this 

association could benefit from establishing 

definitions that guide and unify the sys-

tematic analysis of environmental factors 

affecting health and disease. This would 

enable discovery-based analysis of the 

environmental influences on health and 

potentially improve disease prevention, 

treatment, and public health policies.

Last year, an operational definition for 

exposomics and its underlying principles 

was proposed by researchers from diverse 

disciplines and areas of expertise to pro-

vide a foundation on which concepts, ap-

proaches, methods, and results can be 

INSIGHTS

BIOMEDICINE

Integrating 
exposomics into 
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compared across disciplines, studies, and 

laboratories (4). Briefly, the exposome is 

posited as an integrated compilation of all 

physical, chemical, biological, and (psy-

cho)social influences that "impact biology." 

The field of exposomics thus examines the 

comprehensive and cumulative effects of 

these factors by integrating data from in-

terdisciplinary methodologies and data 

streams to drive discovery.

The rationale for including exposomics 

in biomedical research is straightforward. 

Only a fraction of chronic diseases can 

be primarily attributed to genetic factors. 

Thus, considering factors that constitute 

the exposome will help achieve a more 

thorough understanding of a given health 

condition. Exposomics is distinct from 

environmental health research in that it 

involves a longitudinal assessment across 

multiple environmental domains, ulti-

mately linking them with effects on health. 

This approach also extends epidemiologi-

cal studies and toxicological risk assess-

ments that address the effects of specific 

environmental factors on a phenotype at 

a given time—such as exposure to solvents 

in the workplace and cognitive function. 

Exposomics is therefore, by definition, ex-

plicitly multifactorial and is amenable to 

combining with other large-scale “omics” 

studies, such as genomics, proteomics, and 

metabolomics. The merging of exposomics 

and genomics, for example, is empowering 

new health research studies focused on the 

effects of industrial chemicals on cancer 

(5); of air pollution on Alzheimer’s and 

Parkinson’s diseases (6); of nontobacco ex-

posures on chronic obstructive pulmonary 

disease (7); and of combined lifestyle, di-

etary, and social factors on diabetes (8).

Many research pursuits can benefit from 

this multifactorial exposomic approach. 

For example, the changing climate can 

affect human health through natural di-

sasters (and the consequential disruption 

of socioeconomic structures) and vector-

borne disease. Some chronic diseases are 

affected by suboptimal nutrition, exposure 

to chemical pollutants, low physical activ-

ity, and lack of access to green space; yet, 

the details of these relationships are un-

clear. Although some of these conditions 

are not amenable to classical biochemical 

measurement, many responses are, such as 

altered cellular responses to stress and epi-

genetic modifications. Exposomics has the 

potential to improve the ability to identify 

the environmental drivers, physiological 

targets, relevant cellular pathways, and 

molecular transducers of health impacts. 

Moreover, exposome-related factors associ-

ated with a medical disorder may be read-

ily modifiable.

Humans are exposed to multiple dynamic 

factors throughout their lives, yet research 

methods and regulatory agencies have not 

kept pace with this complexity and con-

tinue to be overly reliant on a “one exposure 

at a time” mindset. Exposomics is starting 

to change this strategy through methods 

and tools that are currently available. These 

include low- and high-resolution mass spec-

trometry for detecting multiple chemicals, 

nutrients, molecular signals, metabolites, 

and chemical modifications to the genome 

(epigenetic changes) caused by exposure to 

the environment. Geospatial techniques al-

low mapping of exposure sources spatially 

and temporally. This includes satellite-

based remote sensing of air pollutants and 

wearable devices that monitor an individu-

al’s exposure to pollutants.

These technologies are uncovering pre-

viously unknown linkages between small 

molecules or lifestyle factors and physi-

ological disruptions or human disease. By 

using approaches that provide systematic 

and relatively unbiased associations be-

tween external factors, their sources, and 

their connection to biological perturbations 

(3), the paths to discovery become widened.

Several examples illuminate the prom-

ise that exposomics can bring to tackling 

a broader spectrum of challenges. High-

resolution mass spectrometry–based anal-

ysis of small molecules identified the nutri-

ent precursor trimethylamine N-oxide—a 

plasma metabolite that enhances thrombo-

sis and is linked to cardiovascular disease 

(9). Related approaches have identified 

chlorinated metabolites associated with re-

nal carcinoma in the blood of workers ex-

posed to trichloroethylene (10). Exposure 

to pesticides has been connected to altered 

metabolic pathways in primary sclerosing 

cholangitis, a complex bile duct disorder 

(11). Geospatial science helped link expo-

sures to particulate matter in the air with 

a diameter of 2.5 micrometers with bio-

logical processes in Alzheimer’s disease by 

using residential address history (12). In 

addition, exposomics approaches extend 

the research beyond cohort and popula-

tion studies. The value of deep exposome 

phenotyping, demonstrated in individuals, 

elucidated a range of health conditions 

and the notable gap in knowledge that ex-

ists between human exposures and health 

outcomes. For example, intensive personal 

monitoring revealed the dynamic nature 

of chemical and microbial exposures (13). 

A population-scale effort that examined a 

large database of health insurance claims 

involving twins discerned both genetic and 

environmental contributions to more than 

500 disease phenotypes (14).

How can the field move forward? Sev-

eral areas deserve attention. Improved 

measurement and data systems will be 

essential for exposomics to progress be-

yond small-scale and candidate studies to 

become more widely adopted. Increasingly 

sensitive technologies to interrogate expo-

sure mechanisms and cascading biologi-

cal responses are needed—lessons learned 

during the rise of genomics. Fortunately, 

many of the tools are familiar, and the 

types of data that come from exposomics 

are like those from related mass spectrom-

etry–based methods (e.g., metabolomics 

or proteomics) or resemble geospatial fea-

tures used in spatial epidemiology.

Efforts are also needed to develop bio-

medical measurement technologies (for bio-

specimens and environmental samples) and 

strategies for combining them with other 

omic technologies and studies to evaluate 

their use at the point of care. Another goal 

is to establish new methods to monitor or 

estimate individual-level exposures over the 

life course that can be applied in research, 

public health, and clinical applications. Cre-

ating a human exposome reference using 

systematic and spatially resolved character-

ization of exposures in biological systems 

through life spans would enable analysis 

and contextualization at the population 

scale to support epidemiological research 

and policy decisions. Developing wearable 

or minimally invasive tools that measure 

an individual’s exposome and strategies 

for commoditization would be a catalyst 

for research. And creating a framework for 

the standardization and harmonization of 

language, protocols, data collection, and 

large-scale and high-throughput analysis 

methods is needed. Quality control and 

quality assurance will maximize the value 

of data in a FAIR (findable, accessible, in-

teroperable, and reusable) format. This 

framework would facilitate the application 

of machine learning and artificial intelli-

gence to analyze the complex datasets from 

exposome studies.

As these initiatives are pursued, several 

high-reward but high-risk research ave-

nues currently exist. Exposomics will com-

plement pharmacogenomics by answering 
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how combined environmental exposures 

and dietary factors alter drug metabolism 

and efficacy. Translational cancer research 

and clinical trials will benefit from the 

systematic evaluation of environmental 

factors on initiation, progression, metasta-

sis, and response to therapy. In addition, 

its application will provide powerful ap-

proaches for identifying nongenetic driv-

ers of health disparities and enhancing 

occupational health and safety by linking 

known work-related exposures to disrup-

tion of biological pathways and by identi-

fying currently unknown exposures.

All large-scale studies of human disease, 

whether they are cohort, clinical, or bio-

bank, could incorporate exposomics (1). 

Even if research teams lack expertise in ex-

posomics, merely collecting extra aliquots 

of blood or geospatial information for fu-

ture analysis can preserve potential knowl-

edge and enhance reuse of cohort data 

samples. Moreover, performing exposomics 

on a population scale will allow the creation 

of exposure that combines individual-level 

measures using humans as sentinels with 

geospatial data from monitoring systems. 

Such approaches would empower policy-

makers to make data-driven decisions for 

mitigation and prevention. It should be 

noted that improvements in exposomics 

have been uneven, with more attention 

paid to chemical exposures and less to so-

cial and physical influences. For humans, 

environmental exposures are undoubtedly 

associated with social determinants of 

health, and policy implications are there-

fore far-reaching.

Exposomics allows researchers to re-

frame studies from a reactive approach to 

a predictive and preemptive one. However, 

this requires attention to the ethical, legal, 

and social aspects of its use across many 

sectors (15). Issues such as data ownership 

and privacy, the effects of disparate expo-

sures among socioeconomic groups, and 

uneven access to healthy environments 

need to be addressed. In addition, clear 

guidelines for returning results to study 

participants must be developed. Inclusion 

of actionable steps to improve health will 

help to establish public trust in exposomics 

studies and outcomes.

The interdisciplinarity that underlies ex-

posomics requires investigators to cultivate 

a collaborative culture to solve major envi-

ronmental and societal challenges. This in-

cludes engaging with community members 

who have often been research participants 

but not directly involved in the planning, 

formulation, and implementation process. 

The recently established coordinating cen-

ters for exposomics in the United States and 

Europe provide the foundation to foster the 

required global collaboration, establish best 

practices, support data harmonization, and 

train the next generation in the collabora-

tive skills essential for success.

Human phenotype is determined by the 

dynamic combination of genetic and envi-

ronmental factors, with stochastic events 

adding uncertainty on both sides indepen-

dently and at the interaction level. Gaps in 

understanding human health and disease 

can be filled by integrating exposomics into 

the biomedical enterprise. Life exists at the 

interface of genetically encoded processes 

and environmentally driven realities. So 

too should the biomedical enterprise that 

studies it. j
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CANCER

Epo-calypse 
now
Blocking erythropoietin 
receptor signaling in 
macrophages promotes 
antitumor immunity

By Sana M. Arnouk1,2 

and Jo A. Van Ginderachter1,2

C
ancer cells arise through mutational 

events, which lead to the appearance 

of altered proteins that can be recog-

nized by tumor-reactive T cells. To kill 

cancer cells, T cells need to infiltrate 

the tumor microenvironment (TME), 

yet many solid tumors lack immune cells 

and are therefore categorized as immune 

excluded, immune desert, or more broadly 

as “noninflamed” (1). On page 376 of this is-

sue, Chiu et al. (2) report that the hormone 

erythropoietin (EPO) is a central driver of 

the noninflamed TME in hepatocellular car-

cinoma tumors through its direct effect on 

tumor-associated macrophages (TAMs) that 

express the EPO receptor. Consequently, 

these macrophages adopt an immunoregu-

latory phenotype, promoting the infiltra-

tion of immunosuppressive cell types such 

as regulatory T cells (Treg cells), while de-

creasing the intratumoral abundance of 

cytotoxic T cells. These findings elucidate 

factors contributing to a noninflamed TME 

and may inspire new therapeutic avenues to 

optimize antitumor immunity.

To better understand the drivers of the 

nonpermissive TME in hepatocellular carci-

noma, Chiu et al. established murine models 

of the cancer that recapitulate the inflamed 

and noninflamed subtypes seen in humans. 

This revealed that EPO was only increased 

in the plasma of mice bearing noninflamed 

tumors. The clinical relevance of this find-

ing was corroborated in patients with hepa-

tocellular, colorectal, or breast cancer, with 

increased EPO amounts correlating with a 

poorer disease prognosis. 

To confirm the role of EPO in promoting 

a noninflamed TME, Chiu et al. deleted the 

Epo gene in noninflamed tumors in mice us-

ing gene editing. This largely shifted the TME 

1Lab of Cellular and Molecular Immunology, Brussels 
Center for Immunology, Vrije Universiteit Brussel, Brussels, 
Belgium. 2Myeloid Cell Immunology Laboratory, VIB Center 
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toward an inflamed phenotype with 

infiltrating cytotoxic T cells, resulting 

in reduced tumor growth. Conversely, 

overexpression of Epo in a mouse model 

of spontaneously regressing hepato-

cellular carcinoma supported tumor 

progression. This was associated with 

a notable increase in Treg cells, which 

has been linked with tumor promo-

tion. These findings agree with other 

studies (3, 4) that point to an immu-

nomodulatory and Treg  cell–expanding 

potential of systemically administered 

high doses of EPO. However, although 

EPO is best known as an erythropoietic 

hormone produced primarily by the 

kidney, Chiu et al. show that the intra-

tumoral production of EPO is sufficient 

to render the local environment more 

immunosuppressive.

Chiu et al. further discovered that 

the main cells expressing the EPO re-

ceptor in the murine hepatocellular 

carcinoma environment are mono-

cyte-derived macrophages, including 

both Kupffer cell–like macrophages 

and non–Kupffer cell subtypes. In pa-

tients with hepatocellular carcinoma, 

TAMs expressing the EPO receptor 

were also found, which were like pre-

viously described immunoregulatory 

Kupffer cell–like macrophages with a 

tolerogenic, anti-inflammatory pheno-

type (5), suggesting similar functions 

within the hepatocellular carcinoma 

environment.   

The functions of liver macrophages 

are strongly instructed by niche cells 

through continuous intercellular in-

teractions and microenvironmental 

cues (6). Although the identity of the 

niche for TAMs expressing the EPO receptor 

within the TME is currently unknown, Chiu 

et al. identified EPO as a nonredundant envi-

ronmental trigger for these cells and showed 

that macrophages mediate the effects of EPO. 

For example, the induction of tumor devel-

opment in mice lacking the EPO receptor 

specifically in cells bearing the carbohydrate-

binding domain lysin motif (LysM), which 

includes macrophages, caused almost half of 

the mice to reject tumors, an effect that was 

dependent on cytotoxic T cells. Furthermore, 

early activated and effector memory cyto-

toxic T cells were predominant in these tu-

mors, promoting antitumor immunity.

These findings suggest that the increase 

in Treg cells due to EPO signaling must be 

an indirect effect mediated by EPO recep-

tor–expressing macrophages (see the figure). 

Evidence that macrophages function as indis-

pensable intermediary cells for the Treg cell–

promoting activity of EPO has been provided 

in other disease settings, such as allograft 

survival (7, 8) and asthma (9), suggesting a 

potentially more universal phenomenon. 

However, how macrophages harness EPO 

receptor signaling to boost Treg cell activity 

remains unclear. Chiu et al identified NRF2 

(nuclear factor erythroid 2–related factor 2) 

as an important transcription factor down-

stream of the EPO receptor, as its deficiency 

in LysM-bearing cells failed to generate an 

immunosuppressive TME when EPO was 

overexpressed. NRF2 strongly increased the 

expression of heme oxygenase–1, an enzyme 

that degrades heme and produces CO and 

biliverdin, all of which have been reported as 

anti-inflammatory (10), but a direct link with 

Treg cell activation is not clear. Alternatively, 

EPO receptor signaling in macrophages can 

stimulate the transcription factors CCAAT-

enhancer-binding protein β and peroxisome 

proliferator–activated receptor γ, which are 

important for the efficient clearance of apop-

totic (dying) cells (11) and the stimulation of 

anti-inflammatory macrophages (12), creat-

ing conditions that are likely permis-

sive for Treg cell activation.

The identification of EPO receptor 

signaling in TAMs as an important 

modulator of an immunosuppressive 

TME may have implications for can-

cer therapy. For example, Chiu et al. 

observed substantial tumor regression 

in mice upon administering liposomes 

loaded with small interfering RNAs that 

block expression of the EPO receptor. 

These liposomes were predominantly 

taken up by macrophages, although 

they were not designed for that pur-

pose. Hence, specific macrophage tar-

geting could be optimized, potentially 

by using lipid nanoparticles, whose 

lipid composition and incorporation of 

macrophage-targeting molecules can 

direct these vehicles to desired cells 

(13, 14). An alternative therapeutic ap-

proach may be the use of recombinant 

EPO receptor-Fc chimeric proteins to 

neutralize EPO. This is likely to activate 

effector memory T cells and remove 

immunosuppression. Such neutral-

ization could synergize with immune 

checkpoint inhibitors that remove the 

immune response brakes in T cells. The 

combination could boost T cell antitu-

mor activity. Indeed, Chiu et al. showed 

that a recombinant EPO receptor-Fc 

protein sensitized hepatocellular car-

cinoma to an immune checkpoint in-

hibitor in mice. However, given the 

critical role of EPO in regulating eryth-

ropoiesis, it is essential to thoroughly 

evaluate potential adverse effects of the 

systemic inhibition of EPO in humans, 

such as anemia. Future work may also 

explore strategies for the targeted deliv-

ery of the EPO receptor-Fc chimeric proteins 

to the TME. Regardless of the strategy used, 

blocking EPO-EPO receptor signaling offers 

a promising approach to modulate nonper-

missive TMEs and tackle tumors that are 

unresponsive to immune checkpoint block-

ade, which may improve therapeutic success 

across various cancer types. j
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Erythropoietin signaling modulates 
the tumor microenvironment
In hepatocellular carcinoma, erythropoietin (EPO) produced 

by tumor cells instructs tumor-associated macrophages expressing 

the EPO receptor to take on an immunoregulatory phenotype, 

expanding the presence of suppressive regulatory T cells (T
reg

 cells) 

and inhibiting the activation of effector memory T cells.memory T cells.
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The cellular basis for middle-age spread
Age-specific adipocyte progenitors drive visceral adipose tissue expansion in middle age 

By Yong Geun Jeon and Jae Bum Kim

 B
ody fat in humans tends to increase 

in middle age (approximately 40 to 

65 years old), with a preferential 

expansion of visceral adipose tissue 

(VAT) around internal organs in the 

abdominal cavity rather than subcu-

taneous adipose tissue (SAT) that is stored 

just beneath the skin (1, 2). This increase in 

VAT-selective deposits is linked to declines 

in insulin sensitivity and a heightened risk 

of metabolic diseases (3). Total energy ex-

penditure in humans remains relatively 

stable from ages 20 to 60 years old (4). 

However, if caloric expenditure is roughly 

constant, it is unclear how VAT continues 

to grow with age. On page 378 of this issue, 

Wang et al. (5) report that a population of 

adipocyte progenitor cells (APCs) emerges 

in middle-aged VAT that drives adipogene-

sis. This APC subpopulation exhibits a high 

potential for differentiation into adipocytes, 

which suggests that adipose tissue in mid-

dle age is biologically primed for spread.

Gain of VAT during middle age is of par-

ticular concern because it is more strongly 

associated with metabolic diseases than 

SAT accumulation (6, 7). Similarly, VAT 

increase is observed in 12-month-old mice 

(the equivalent of human middle age), 

whereas SAT mass remains relatively un-

changed (8). There are two distinct pro-

cesses by which adipose tissue increases in 

size: through the enlargement of existing 

adipocytes (hypertrophy) and through the 

formation of new adipocytes from APCs 

(hyperplasia). Distinguishing these two 

processes is crucial for understanding the 

cellular origin or origins of age-driven VAT 

accumulation. To address this, Wang et al. 

performed elegant cell lineage–tracing ex-

periments by introducing labels to distin-

guish preexisting adipocytes from newly 

generated ones. This allowed the authors 

to track the fates of APCs and adipocytes in 

young and middle-aged mice. Middle-aged 

VAT expansion was supported primarily 

by enhanced differentiation of APCs into 

new adipocytes, rather than from the en-

largement of preexisting adipocytes. Fur-

thermore, middle-aged APCs exhibited 

a shift toward greater adipogenic and 

proliferative capacity than their younger 

counterparts.

 Single-cell studies have highlighted the 

heterogeneity within APC populations, 

which include multipotent stem cells and 

committed preadipocytes (CPs) (9, 10). To 

characterize the population of age-driven 

APCs, Wang et al. performed single-cell 

RNA sequencing analysis on APCs isolated 

from young and middle-aged mice. They 

identified a previously uncharacterized 

subpopulation of CPs that are highly en-

riched in middle-aged VAT. Compared with 

CPs in younger subjects, these age-specific 

CPs (CP-As) display great capacity for 

proliferation and differentiation. Further-

more, Wang et al. used a range of genetic 

and pharmacological tools to demonstrate 

that the activity of a signaling pathway in-

volving leukemia inhibitory factor receptor 

(LIFR) and signal transducer and activator 

of transcription 3 (STAT3) is enriched in 

CP-As, increasing adipogenic activity. 

The discovery of CP-As provides a vital 

clue to understanding the mechanisms 

governing age-related shifts in VAT mass. 

In young adults, VAT expansion primarily 

occurs through hypertrophy rather than 

hyperplasia, with minimal contribution 

from progenitor differentiation (11). By 

contrast, Wang et al. found that in middle 

age, VAT expansion is driven by differen-

tiation of CP-As. The adipogenic potential 

of VAT is transient and declines in late age 

(18-month-old mice), with a decrease in 

CP-As. Adipogenesis therefore exhibits no-

table plasticity, with an inverted U–shaped 

trajectory: relatively quiescent in early life, 

hyperplastic in middle age, and progres-

sively exhausted in late age. 

The findings of Wang et al. raise an in-

triguing question: What are the spatial 

(VAT-specific) and temporal (middle-aged) 

factors that enhance middle age–related 

adipogenesis? Investigating VAT-specific 

anatomical features (3), cell-type composi-

tion (12), and molecular properties of APCs 

(7) that constitute the microenvironment 

of VAT will be important for defining the 

spatial factors that influence adipogenesis. 

From a temporal perspective, could there 

be an “adipose tissue clock”? Elucidating 

whether temporal adipogenesis activa-

tion is bolstered by external adipose tissue 

stimuli (13), cell-to-cell communication 

within adipose tissue (5, 14), or inherent 

characteristics of aged APCs (15) will be 

crucial for better understanding the biol-

ogy of adipose tissue during aging.

The study of Wang et al. also points to a 

new potential framework for treating age-

related adiposity in the clinic. The finding 

that CP-As use LIFR-STAT3 signaling indi-

cates that this pathway could be therapeu-

tically targeted to prevent excessive VAT 

accumulation before it leads to metabolic 

disease. Important in this regard, Wang 

et al. demonstrate that VAT from middle-

aged humans also contains a CP-A popu-

lation that expresses LIFR. Nonetheless, 

demonstrating that adipogenesis is more 

active in middle-aged humans remains a 

key challenge in adipose tissue research. 

Addressing this will require large-scale 

cohort studies and integrative single-cell 

analyses to elucidate the heterogeneity of 

APCs and adipocytes. These efforts will 

help identify the molecular signatures of 

differentiating adipocytes and the features 

of adipocyte differentiation in vivo. Ulti-

mately, elucidating cellular and molecu-

lar characteristics of human adipogenesis 

could lead to breakthrough approaches for 

preventing and treating middle-aged obe-

sity and metabolic diseases. j
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CHEMISTRY 

Reimagining silicone’s life cycle
Synchronized catalysis breaks down silicone polymer
waste into starting monomers  

By Koushik Ghosh

A
nnual global production of silicone—a 

synthetic polymer with a long chain of 

silicon and oxygen atoms—exceeds 2.6 

million metric tons (1). Its manufac-

turing is anchored in energy-intensive 

processes. More than 70% of silicone’s 

carbon footprint stems from elemental sili-

con production from raw minerals (2). Com-

pounding this issue, postconsumer silicone 

waste often ends up in landfills or is inciner-

ated (3). Because of the strong silicon-oxygen 

bond and many additives such as organic fill-

ers and catalysts in its formulation, decom-

position of silicone into smaller molecules 

is challenging. On page 392 of this issue, Vũ

et al. (4) report a method that breaks down 

postconsumer and industrial silicone waste 

from a cross-linked network into chloro-

silane, which is a key intermediate molecule 

in silicone production. This depolymeriza-

tion chemistry could potentially be used in 

large-scale silicone manufacturing processes.

Quartz, a mineral that is critical to ele-

mental silicon production, faces increasing 

pressure for mining because of the growing 

demand for silicon in the electronics, solar 

panel, and construction industries (5). Sili-

con is extracted from mined quartz by en-

ergy-intensive metallurgical processes. This 

is followed by the Müller-Rochow process, 

which performs a copper-catalyzed reaction 

to produce chlorosilane. This method sup-

plies 90% of silicone precursors but suffers 

from inefficiencies rooted in mid–20th cen-

tury chemistry (6). For example, the energy-

intensive method requires a temperature 

of 300°C and produces a silicon-copper 

alloy by-product from catalyst degradation 

as well as waste containing heavy metal 

and chlorinated hydrocarbon that harm 

the environment. Silicone recycling could 

solve these issues by conserving the already 

strained natural resources and minimizing 

energy consumption.

Vũ et al. introduce a chemistry that de-

polymerizes silicone waste into chlorosi-

lanes by using gallium chloride and boron 

trichloride (see the figure). Performing this 

reaction in a solvent at 40°C for 2 hours 

transformed the strong silicon-oxygen bond 

in silicone to a silicon-chlorine bond, thereby 

breaking up the long polymeric chain. This 

produced quantitative amounts (nearly 97%  

yields) of dimethyldichlorosilane with a level 

of purity that is required for use in the pet-

rochemical industry. Conventional recycling 

chemistries generate large molecules called 

siloxanes with closed, ring-like structures (7, 

8) that require further breakdown to pro-

duce chlorosilanes. By contrast, the method 

of Vũ et al. produces this key intermediate 

molecule in a single reaction. This simple 

chemistry allows for the reintegration of 

the recycled chlorosilanes into the exist-

ing manufacturing process, which could 

potentially bypass energy-intensive metal-

lurgical processes and the Müller-Rochow 

process for silicone production.

Vũ et al. examined the mechanism un-

derlying the synergistic action of boron tri-

chloride and gallium chloride to overcome 

the thermodynamic barrier of exchanging a 

silicon-oxygen bond with a silicon-chlorine 

bond. Calculations showed that gallium 

chloride alone cannot lower the activation 

energy, but adding boron trichloride made 

the reaction thermodynamically favorable. 

The authors showed that the high affinity 

of boron to oxygen reduces the energy bar-

rier by weakening the silicon-oxygen bond, 

whereas gallium chloride enhances the re-

action rate. This synergy facilitates chlorine 

transfer from boron to silicone, promoting ef-

ficient formation of chlorosilane. In addition, 

Vũ et al. demonstrated that the carcinogenic 

solvent (dichloromethane) used in the reac-

tion can be replaced with a less hazardous 

alternative. Performing the reaction in tolu-

ene produced a quantitative amount of chlo-

rosilane at 90°C. Other solvents, which are 

known to increase the volume of cross-linked 

silicone networks, promoted effective diffu-

sion of catalysts to achieve a good yield with 

a slightly longer reaction time. These find-

ings highlight the feasibility of transitioning 

to environmentally friendly solvents without 

compromising efficiency.

What is needed to move the reaction of 

Vũ et al. to industry? Gallium is a critical 

metal that suffers from scarcity. Developing 

a closed-loop recovery system for used gal-

lium chloride could address this issue. In ad-

dition, testing the robustness of the reaction 

in a complex mixed-waste stream is needed 

to expand its application. Rigorous life-cycle 

analyses and carbon footprint assessments 

are also essential to confirm the projected 

environmental benefits that come from pri-

oritizing the use of chlorosilane instead of 

producing silicone from quartz. Incentiviz-

ing manufacturers through circular economy 

metrics could ensure that recycled chlorosi-

lanes are valued equally as raw materials. j
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Silicone recycling
Silicone production from raw materials involves 

energy-intensive processes. Synergistic catalysis of 

boron trichloride (BCl
3
) and gallium chloride (GaCl

3
) 

can overcome the thermodynamic barrier to break 

strong silicon-oxygen bonds, resulting in chlorosilane 

intermediates that are used to produce silicone.

B2O3, diboron trioxide; n, number.
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Partisan disparities in the use of science in policy
Documents from Congress and think tanks reflect differences in how science is cited

By Alexander C. Furnas1,2,3,4, 

Timothy M. LaPira5, Dashun Wang1,2,3,4,6

S
cience has long been regarded as es-

sential to policy-making, serving as 

one of the primary sources of evi-

dence that informs decisions (1, 2) 

with its particular epistemic author-

ity (3). Its role has become especially 

vital, as many pressing societal challenges 

today—from climate change to public 

health crises to technological advance-

ment—are intricately linked with scientific 

progress. However, amid rising political 

polarization (4), a fundamental question re-

mains open: Is science used differently by 

policy-makers in different parties? Here we 

combine two large-scale databases captur-

ing policy, science, and their interactions 

to examine the partisan differences in cit-

ing science in policy-making in the United 

States. Overall, we observe systematic dif-

ferences in the amount, content, and char-

acter of science cited in policy by partisan 

factions in the United States. These differ-

ences are strikingly persistent across fields 

of research, policy issues, time, and institu-

tional contexts.

Understanding any potential partisan dif-

ferences in the application of science to pol-

icy-making is not only of great interest to the 

scientific community itself, probing the role 

and impact of science in shaping societal 

outcomes, but also crucial for understanding 

the integrity and effectiveness of the policy-

making process, promoting evidence-based 

decision-making (1), upholding public trust 

in science, and fostering bipartisan coopera-

tion [see supplementary materials (SM) 18]. 

Our first dataset comes from Overton (5) 

and tracks 641,894 policy documents pub-

lished by both the federal government and 

think tanks in the United States from 1995 

to 2021, as well as the scientific papers and 

other policy documents referenced therein 

(see SM 1.1). There has been long-standing 

interest in quantifying the use of science 

in policy, and recent work suggests that 

Overton currently offers the most compre-

hensive tracking of policy documents and 

their citations to scientific papers (2) (see 

SM 1.1). We focus on the complete set of 

all congressional committee reports since 

1995 and committee hearings since 2001 (n 

= 49,345), in addition to the 191,118 policy 

documents published by 121 US-based ideo-

logical think tanks after 1999 (see SM 4). 

We further match the scientific references 

(n = 424,199) in these policy documents to 

our second dataset, Dimensions (6), a large-

scale publication and citation database that 

captures 122 million scientific publications 

across all disciplines. Dimensions offers 

us paper-level covariates for cited science, 

including the publication date, scientific 

citation counts, field- and year-normalized 

measures of scientific impact [e.g., hit pa-

per and field citation ratio (FCR, reflecting 

citations of a paper relative to average ci-

tations of papers in the same field)], field 

of research labels, and whether a paper is a 

preprint. Linking these two databases gives 

us an opportunity to examine the partisan 

differences in the use of science in policy. 

The predicted percent of policy documents 

that include at least one scientific reference 

in our data corpus is plotted here from mixed 

effects logistic regression models (see the first 

figure, left panel, and SM 7 for details). Policy 

citations of science have increased steadily 

over the 25-year period, growing from less 

than 20% in 1995 to >35% in 2020, with the 

increase being especially pronounced among 

think tank documents (see SM 7 and fig. S2). 

Yet, as we show next, this growth masks sys-

tematic partisan differences in policy cita-

tions of science. 

To understand partisan differences in the 

propensity to cite science, we first focus on 

policy documents produced by congressio-

nal committees, with granular measures of 

political control at the committee level (see 

SM 1.1). These documents include reports 

and committee meeting documents, which 

primarily consist of hearing transcripts and 

prepared witness statements. Committees, 

often seen as the institutional workhorses of 

Congress, play an important role in informa-

tion gathering, but are also a site of partisan 

competition to frame issues, making them 

well suited to study partisan uses of science 

(see SM 18). We calculate the probability of 

a committee policy document citing science 

separately for Republican- and Democratic-

controlled committees. Although both have 

increased their use of science over time, 

the growth patterns differ depending on 

which party is in control (see the first figure, 

middle panel). Estimating the overall par-

tisan differences with year and committee 

fixed effects, we find that policy documents 

from Democratic-controlled committees 

are nearly 1.8 times more likely to cite sci-

ence than those from Republican-controlled 

committees (see SM 8 and table S9). These 

results are robust when accounting for indi-

cator variables for chamber, document type, 

and whether there is a copartisan president. 

We find that this effect is most pronounced 

in the House and in committee meeting 

documents and does not vary by committee 

versus subcommittee status (see SM 8). 

To further validate our findings, we es-

timate this effect using changes in party 

at the committee level as a fixed-effects 

counterfactual estimator for difference-

in-differences designs with heterogeneous 

treatment effects and treatment switching 

on a panel of 80 groups (committees) and 13 

periods (Congresses). We find that commit-

tees that undergo a change from Republican 

to Democratic party control see an average 

increase of 196 additional citations to sci-

ence per committee in the congressional 

term after the switch, an increase of 0.58 

standard deviations. We find no equivalent 

effects in placebo tests of preceding Con-

gresses or the Congress after a party switch 

occurs, supporting the identifying parallel 

trends assumption (see SM 10 for testing, 

discussion, and alternative estimators). 

Although think tanks operate outside of 

government, many align with the ideologi-

cal positions of the two major parties (7), al-

lowing us to differentiate think tanks by this 

ideological alignment (see SM 4 for details 

regarding our coding procedure). These ide-

1Kellogg School of Management, Northwestern University, Evanston, IL, USA. 2Center for Science of Science and Innovation, Northwestern University, Evanston, IL, USA. 3Northwestern Innovation 
Institute, Northwestern University, Evanston, IL, USA. 4Ryan Institute on Complexity, Northwestern University, Evanston, IL, USA. 5Department of Political Science, James Madison University, 
Harrisonburg, VA, USA. 6McCormick School of Engineering, Northwestern University, Evanston, IL, USA. Email: dashun.wang@northwestern.edu 
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ological think tanks serve as key resources 

for partisan policy-makers in extended party 

networks, providing “legislative subsidies” 

(information and support for policy-mak-

ers), setting agendas (8), and incubating 

policy alternatives. They are staffed by party 

operatives and researchers who frequently 

move back and forth between government, 

party, and campaign organizations (see SM 

18). Focusing our analysis on think tanks 

that have a particular ideological bent allows 

us to better assess our primary question—

differentiating the science-citing behavior 

of policy-makers with partisan or ideologi-

cal commitments. However, it also excludes 

think tanks with centrist, ambiguous, bipar-

tisan, or nonideological perspectives, thereby 

limiting our ability to make inferences about 

the entire think tank community. 

The predicted probability of a think tank 

policy document citing science for left- and 

right-leaning think tanks separately is es-

timated here by logistic regression with a 

linear time trend (see the first figure, right 

panel). Given that think tanks’ ideological 

alignments are generally static, we address 

time-invariant unobserved heterogeneity 

at the unit level, using think tank random 

effects. We find that, overall, policy docu-

ments from left-leaning think tanks are more 

than five times as likely to cite science than 

those produced by right-leaning think tanks 

(see SM 8 and table S15), revealing an even 

starker partisan difference in the propensity 

to cite science among ideological think tanks 

than in the government.

Moreover, this observed tendency appears 

widespread across fields and policy issues, 

with Democratic committees citing science 

distinguishably more than Republican com-

mittees across 20 of the 23 scientific fields 

and 15 of the 17 issue areas, and left-of-center 

think tanks citing science more than right-

of-center think tanks across all 23 scientific 

fields and 17 issue areas we study (see SM 8). 

These systematic partisan differences that 

we observe raise an important next question: 

Do Democratic- and Republican-leaning 

policy-makers draw from the same science? 

To answer this question, we first assess the 

degree of overlap in the science cited, ask-

ing what fraction of all the science cited in 

policy documents was cited by both parties. 

We find that only 5 to 6% of scientific cita-

tions are shared by Republicans and Demo-

crats (see the second figure). It is important 

to note, however, that this low degree of over-

lap is partly driven by single-cited papers, 

which by construction cannot be bipartisan. 

To account for this, we construct an expected 

baseline for bipartisan citations using a per-

mutation test that preserves the marginal 

distribution of citations by party and paper, 

to estimate what one might expect if citation 

patterns were uncorrelated with partisan-

ship. Our estimate suggests that we would 

expect ~12 to 13% of papers with bipartisan 

engagement (see the second figure and SM 

11). In other words, the expected level of bi-

partisan citation is more than double the 

level that is observed in the data. 

To provide a more conservative test, we 

further restrict our analyses to papers that 

receive two or more policy citations—those 

that could potentially have been cited by both 

Democrats and Republicans. Under these 

conditions, we observe 31.1% bipartisan cita-

tion in Congress and 20.5% bipartisan cita-

tion from think tanks, compared to expected 

shares of 58.7% and 50.6%, respectively 

(see the second figure). We further vary the 

threshold for the minimum number of policy 

citations for inclusion, to assess how biparti-

san citation varies as science receives more 

attention from policy-makers. In Congress, 

only among the science that is most widely 

cited in policy—publications that have at 

least 14 policy citations (top 99.9th percentile 

of policy citations)—does the rate of observed 

bipartisan citation ever reach parity with the 

expectation that, if citation patterns were 

uncorrelated with partisanship, it would be 

cited at least once by both Republicans and 

Democrats (see the second figure, left panel). 

Even more starkly, among think tanks, at no 

point does the observed rate of bipartisan ci-

tation ever converge with the expected rate, 

even as we examine papers with increasingly 

greater policy citations. Instead, the rate of 

overlap plateaus at less than 70% of the ex-

pected rate above at least 20 policy citations 

(see the second figure, right panel). Simply 

put, regardless of the measure we deploy, the 

policy citation of science appears to feature 

a low degree of bipartisan engagement with 

the scientific literature, with partisans con-

sistently less likely to cite the same science.

Given the rising political polarization in the 

United States in recent years (5), we examine 

the temporal changes in the rate of biparti-

san-cited science. We find that the degree of 

overlap has stayed rather stable over time (see 

SM 11 and figs. S13 to S16), suggesting that the 

low degree of bipartisan engagement with 

science is a long-standing but previously un-

known feature of the US policy landscape. We 

further find that for both the US Congress and 

think tanks, this low degree of overlap is re-

markably universal across scientific fields and 

policy issues (see SM 11 and figs. S17 and S18). 

The increasing use of science in policy documents over the past 25 years
The estimated share of US policy documents citing science at least once has grown (left). Documents are nearly 1.8 times more likely to cite science when from 

Democrat-controlled committees (center), and more than five times more likely when produced by left-leaning think tanks (right). See supplementary materials.
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The fact that Republican and Democratic 

policy-makers rarely draw on the same 

scientific papers raises another important 

question: Do they cite substantively similar 

papers to inform their policy? To explore 

this, we assess the topical differences be-

tween the science they cite. Here we use 

deep-learning methods to represent scien-

tific papers in a high-dimensional space. 

Specifically, we use SPECTER embeddings 

to represent each scientific article as a vec-

tor in a 768-dimensional space, allowing 

us to quantify the topic similarity between 

cited science (see SM 3). SPECTER is a 

transformer model trained on a large cor-

pus of scientific text and citations. 

Take, for example, the House Energy and 

Commerce Committee. We analyze the sci-

entific papers cited by the committee reports 

in our embedding space, apply a clustering 

algorithm to group these cited papers, and 

visualize them in two dimensions using t-

distributed stochastic neighbor embedding 

(t-SNE) (see SM 5). Clusters of science are 

shown cited by the committee under Demo-

cratic and Republican control, respectively 

(see the third figure). Although there are some 

common areas of focus, the two plots reveal 

many distinctive clusters of science drawn 

by the committee, depending on which party 

is in control. Under Democratic control, the 

committee is much more likely to cite science 

on abortion, drunk driving, youth and e-ciga-

rettes, energy production and infrastructure, 

or violence, guns, and mental health (see the 

third figure, left panel). By contrast, under 

Republican control, the committee is much 

more likely to cite science about health care 

insurance costs, air pollution, opioids, or 

high-school athletic injuries, among other 

topics (see the third figure, right panel). Ex-

tended results, including a example of think 

tank documents on the topic of weather, are 

shown in SM 12 (see fig. S20). Of course, 

these differences may be driven by partisans’ 

differing agendas and goals when in power, a 

point to which we will return later. 

We find similar, systematic differences 

across nearly all congressional committees 

and all issue areas for ideological think tanks. 

The data consistently demonstrate that parti-

san factions draw from the different distribu-

tions of scientific topics (see SM 12 and fig. 

S20). Overall, the large partisan disparity that 

we observe appears rather universal across 

time, policy institutions, and issue areas.

One explanation for these persistent par-

tisan differences is that they may simply re-

flect the different policy focus and priorities 

between the two parties. Indeed, although 

science can serve as a common knowledge 

base to inform policy on critical issues facing 

society, partisans are known to have differ-

ing agendas (8). This discrepancy prompts us 

to perform tests that simulate the following 

thought experiment: If the two parties focus 

on the same policy, do they still differ in the 

science they cite? 

To this end, we use GloVe embeddings to 

examine policy document titles and generate 

matched pairs of science-citing policy docu-

ments that are highly similar to each other 

(see SM 13.1). GloVe is a learning algorithm 

trained to obtain vector representations of 

words. We find that even when Democratic 

and Republican policy-makers produce policy 

documents with nearly identical titles, the 

overlap in cited science remains not only con-

sistent with our findings above but also of a 

similar magnitude, with an overlap between 

 and  of the expectation from our permuta-

tion-based null model (see SM 11 and fig. S19). 

To illustrate this, we explore an example 

of two matched minimum-wage policy 

documents, one by the left-of-center Urban 

Institute and one by the right-of-center Em-

ployment Policies Institute. The Urban Insti-

tute’s policy document cites multiple papers 

about the distributional effects of minimum 

wage, whereas the one from the Employ-

ment Policies Institute cites science almost 

exclusively about the employment and labor 

supply effects of minimum wage increases. 

Indeed, although the two policy documents 

focus on the same issue, of the 62 papers they 

cite, only one is cited by both. When project-

ing these cited papers onto the SPECTER 

embedding space, the science cited by the 

left- and right-of-center think tanks is nearly 

perfectly separated. SM 13.1 presents this 

example (fig. S21A), as well as a similar ex-

ample of two congressional hearings on paid 

family leave (fig. S21B).

We use a set of matched pairs of highly 

similar policy documents, like the minimum 

wage example discussed above, written by 

Democrats and Republicans—referred to as 

“out-partisan pairs”—to further test whether 

partisans cite different science when working 

on the same policy issues. We ask whether 

these out-partisan pairs cite science that is 

more different than that cited by comparable 

copartisan pairs (see SM 13.2 and figs. S23 

and S24). Here we follow the same procedure 

described above to construct copartisan pairs 

of highly similar policy documents using 

GloVe embeddings of their titles, generating 

sets where both documents are produced by 

Democrats (Republicans) in Congress or left-

of-center (right-of-center) think tanks. Our 

results indicate that in both congressional 

committee documents and ideological think 

tank documents, the copartisan documents 

cite science that is more similar to each other 

than the out-partisan pairs. These results are 

robust to regression analyses conditioning on 

dyadic policy document similarity (see SM 

13.2 and tables S29 and S30). We reach the 

same conclusion by comparing the topical 

distributions of cited science (see SM 13.2 and 

fig. S22). We also use these matched pairs to 

test whether our earlier finding of large par-

tisan differences in the rate of citing science 

can be explained by Democrats and Republi-

Partisans are consistently less likely to cite the same science
Only among scientific publications cited at least 14 times in congressional committee documents does the rate 

of observed bipartisan citation ever reach parity with the expectation that, if citation patterns were uncorrelated 

with partisanship, the science would be cited at least once by both Republicans and Democrats (left). Among 

think tanks, at no point does the observed rate of bipartisan citation ever converge with the expected rate (right). 

See supplementary materials.
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cans focusing on different issues. We confirm 

that policy documents written by Democrats 

consistently tend to cite more science than 

those produced by Republicans, even when 

accounting for differences in the issues they 

work on (see SM 13.3 and tables S27 and S28).

Overall, although differences in issues 

partisans work on may drive some of the ob-

served differences in the sets of science that 

partisans cite, our results demonstrate that 

these differences alone do not fully account 

for the partisan differences in either content 

or volume of science cited in policy. Another 

explanation is that policy-makers are citing 

different science because they hold differ-

ent positions on the same issues. The lack 

of overlap in the science they cite, however, 

implies that politicians and ideological think 

tanks are not considering all the relevant sci-

ence to a particular policy. Evidence-based 

policy-making in its idealized form synthe-

sizes all relevant arguments and evidence 

(1, 3). By contrast, our analysis suggests 

that committees in Congress and ideologi-

cal think tanks do not appear to create these 

broad syntheses, instead focusing on differ-

ent sets of impacts for the same policy, and 

citing substantively different sets of science 

when working on the same policy issue. The 

observed partisan disparities hence may not 

necessarily reflect a different willingness to 

engage with science, but instead may reflect 

their differing priorities, goals, or stances 

within issues (9).

To further unpack whether the partisan 

disparity that we uncover is solely due to dif-

fering positions, we move beyond comparing 

the two factions and instead compare their 

use of science with a third, common refer-

ence point: science itself. We compare the 

characteristics of the scientific papers cited 

by either only left-leaning or only right-lean-

ing policy-makers, measuring their scientific 

impact in science, recency, and whether they 

have passed peer review (see SM 6 for metric 

construction). We find that papers cited by 

only Democratic committees are more likely 

than those cited by only Republican commit-

tees to be hit papers in science, defined as 

the top 5% of the most cited papers in their 

field and year (µD = 0.48 versus µR = 0.44, t 

= 7.50, df = 27468, P < 0.0001; see fig. S25A). 

Democratic committees’ documents are also 

more likely to cite science that has passed 

peer review (measured as percent preprint; 

µD = 0.0138 versus µR = 0.0184, t = −3.60, df 

= 28109, P < 0.001; see fig. S25C), and tend 

to cite slightly older science than Republi-

can committees (µD = 8.22 versus µR = 7.93, 

t = 3.16, df = 36945, P < 0.01; see fig. S25D). 

However, we find no difference in the field 

citation ratio (FCR) between Republican and 

Democratic committee document cited pa-

pers (μD = 30.3 versus μR = 31.1, t = −0.598, df 

= 26540, P = 0.55; see fig. S25B) (these results 

are robust to log-transforming FCR; see SM 

14 and fig. S26). We see slightly greater dif-

ferences for think tanks, with papers cited by 

only left-of-center think tanks more likely to 

be hit papers in science (µL = 0.444 versus µR 

= 0.382, t = 19.4, df = 50320, P < 0.0001; see 

fig. S25E), have a higher field citation ratio, 

be published substantially more recently (µL 

= 27.2 versus µR = 23.4, t = 5.06, df = 28554, 

P < 0.0001; see fig. S25F), and be more likely 

to have passed peer review than those cited 

by only right-of-center think tanks (measured 

as percent preprint; µL = 0.0165 versus µR = 

0.0344, t = −17.5, df = 47367, P < 0.0001; see 

fig. S25G), and cite more recent science (µL 

= 8.20 versus µR = 10.9, t = −44.7, df = 61822, 

P < 0.0001; see fig. S25H). In other words, 

Democratic and left-of-center organizations 

tend to cite science that is more in line with 

the work that scientists themselves consider 

important, which is true for both Congress 

and think tanks. 

There are several possible explanations 

for the more pronounced differences among 

think tanks than Congress. Policy-makers 

in Congress might be especially concerned 

about the unintended consequences of the 

policies they enact in a way that think tank-

ers are not, and this universal incentive for 

all congresspeople—regardless of party—

may induce them to cite more highly cited 

science. Moreover, the selection process 

for including think tanks in our analysis 

sample includes only partisan or ideologi-

cal think tanks, excluding nonpartisan or 

centrist think tanks. This sampling strategy 

may also lead to more pronounced differ-

ences in our think tank sample.

Of the myriad factors that may influence 

the use of science in policy-making (1), trust 

is often understood to be a key mediator gov-

erning the use of information (see SM 18), 

raising the question of whether differential 

levels of trust in scientists and scientific in-

stitutions may play a role. Although there is 

scarce empirical evidence assessing the level 

of trust in science among policy-makers or 

political elites, our hypothesis here is partly 

motivated by evidence that among the gen-

eral public, there has been a marked decline 

in conservatives’ trust in science in recent 

decades, suggesting that the rising political 

polarization during this period in the United 

States may be threatening confidence in sci-

ence (see SM 18). We fill this gap to directly 

assess partisan differences in trust in sci-

ence among policy-makers by fielding a sur-

vey of roughly 3500 US political elites and 

public servants (e.g., congressional staffers, 

bureaucrats, political journalists, lobbyists, 

nonprofit advocates and association leader-

Partisan factions draw from different distributions of scientific topics
Many distinctive clusters of science are drawn upon by the House Energy and Commerce Committee, depending on which party is in control. SPECTER embeddings are used to 

represent each scientific article cited in policy documents as a vector in a 768-dimensional space (visualized here in two dimensions). See supplementary materials.
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ship, corporate C-suite executives, judges 

and clerks, and state and local government 

officials). By surveying the professionals who 

are actively involved in setting policy agendas 

and drafting policy documents, we can quan-

titatively probe their attitudes toward science 

(see SM 2.1). For comparison, we also con-

ducted a contemporaneous survey of roughly 

1000 likely voters (see SM 2.2). We used a 

standard party identification battery, as well 

as a series of questions about trust in scien-

tists and scientific organizations (see SM 2). 

We first asked political elites to rate how 

much they “trust or distrust scientists” along 

four different dimensions, uncovering three 

primary findings (see the fourth figure). First, 

regardless of party identification, political 

elites exhibit substantially higher levels of 

trust in scientists than copartisan likely vot-

ers, suggesting that political elite attitudes 

toward science cannot merely be assumed 

to match those in the general public. Second, 

Democratic elites trust scientists substantially 

more than their Republican counterparts (µD

= 1.42 versus µR = 0.65, t = 25.86, df = 1188.50, 

P < 0.001), showing large, systematic partisan 

differences in attitudes toward scientists. For 

example, 96.0% of Democratic elites either 

completely or partially trust scientists to “cre-

ate knowledge that is unbiased and accurate” 

compared with only 63.7% of Republican 

elites. The partisan differences are especially 

stark among those with the highest level of 

trust. Of Democratic elites, 44.1% completely 

trust scientists to create unbiased and accu-

rate knowledge, compared with only 9.9% of 

Republican elites. Third, despite the differ-

ences between the four dimensions that we 

surveyed, ranging from the knowledge sci-

entists create to their roles in informing the 

public and government officials, the partisan 

differences we uncover are remarkably con-

sistent across all four dimensions. 

To assess the level of trust in scientific 

institutions, we asked political elites to rate 

the trustworthiness of the National Acad-

emies of Sciences, Engineering, and Medi-

cine (NASEM) and the American Association 

for the Advancement of Science (AAAS, 

the publisher of Science)—two of the most 

prominent scientific organizations in the 

world—on matters of public policy (fig. S27). 

Nearly three times as many Democratic elites 

(61.2%) rate NASEM as “very trustworthy” as 

Republican elites (22.8%) (x2 = 427.43, df = 

8.00, P < 0.0001). The difference is even more 

pronounced for the AAAS, which Democratic 

elites rate “very trustworthy” five times more 

than Republican elites (40.7% versus 8.2%, x2

= 444.43, df = 8.00, P < 0.0001). These par-

tisan differences are robust after controlling 

for a range of attributes (see SM 14). Overall, 

these findings support the proposition that 

the differential attitudes toward science may 

partly explain the observed partisan differ-

ences in the use of science in policy. 

DISCUSSION

These findings must be interpreted with 

care. First, despite the importance of sci-

entific evidence to policy-making, it is only 

one of many information sources available 

to policy-makers, who may also draw from 

regulators, industry, news media, trade pub-

lications, interest groups, and lobbyists (10). 

Although each source has its own potential 

biases and agendas, science is often seen 

as holding a relatively privileged position 

partly owing to its commitment to Merto-

nian norms like organized skepticism. Nev-

ertheless, although we find that Republicans 

use science less than Democrats, this does 

not necessarily mean that Republicans use 

less evidence overall. To test this possibility, 

we conduct a preliminary analysis (see SM 

16) using witness data from congressional 

hearings (10) to investigate whether Repub-

licans tend to rely more on nonuniversity, 

nonresearch witnesses than Democrats. Our 

preliminary findings reject the hypothesis 

that Republicans in Congress rely more on 

such information sources. It is still possible, 

however, that partisans rely on sources 

of evidence that our data do not capture, 

and exploring how different information 

sources, especially those beyond science, are 

used in policy-making represents an impor-

tant avenue for future research, both empiri-

cally and theoretically. 

It is also possible that Republicans and 

Democrats use science in roughly equal 

measure when they are “information seek-

ing” in committee, but Republicans may 

use hearings or committee activity more 

often as tools for partisan messaging and 

Partisan disparities in the trust of science among political elites
Survey data reflect that political elites exhibit higher levels of trust in scientists than copartisan likely voters, regardless of party identification; elite attitudes toward science 

cannot be assumed to match those in the general public. Democratic elites trust scientists substantially more than their Republican counterparts. See supplementary materials.
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less often for information seeking. This dif-

ferential use of committee time could cause 

their overall use of science to be lower. To 

test this hypothesis, we conduct several 

additional analyses incorporating data on 

partisan voting patterns and speech records 

to identify highly politicized issues, which 

we expect to serve as potential venues for 

grandstanding. We then measure the parti-

san disparities in the use of science in con-

gressional hearings focused on these highly 

politicized issues, where we expect more or 

less “grandstanding” activity. We find that 

partisan differences in citing science are 

consistent regardless of how politicized the 

issues are, and partisans hold hearings on 

highly politicized issues at similar rates (see 

SM 17.1). Moreover, a hearing-level analysis 

finds no differences in association between 

grandstanding speech and citations to sci-

ence conditional on party control of com-

mittees (see SM 17.2). Together, these results 

suggest that partisan messaging or grand-

standing is unlikely to explain the differ-

ences we observe, although we believe more 

study is needed for dispositive results. 

It is also possible that scientists, who 

among the US voter population are pre-

dominantly Democrats (11), may be more 

likely to focus on issues or policies favored 

by left-of-center policy-makers. As a result, 

these policy-makers might have a larger pool 

of relevant scientific findings to cite, poten-

tially contributing to the partisan differences 

we observe. More broadly, understanding 

whether and how the political leaning of 

scientists may influence both the production 

and uptake of their work is an important av-

enue for future investigation.

The increasing reliance on science that we 

observe over a 25-year period among both 

parties is encouraging, especially given that 

many societal challenges today, from climate 

change to technological advancement, are 

deeply intertwined with the latest scientific 

development. This increase in citing science 

coincides with broader changes in committee 

operations, such as a decline in the number 

of hearings and, more notably, witnesses (10). 

These changes, along with a shift from pro-

active lawmaking to reactive oversight and 

an overall broadening of the congressional 

agenda, have challenged Congress to address 

more issues on shorter timescales with less 

in-house expertise (see SM 18). As such, the 

increased citation of science aligns with ex-

pectations that committees would rely more 

on external expertise, including scientific 

sources, on a per-document or per-hearing 

basis, rather than on expertise developed by 

staffers themselves. 

Yet at the same time, this paper uncovers 

systematic partisan differences in the use 

and trust of science, which may have wide-

ranging implications for science and society 

at large. If different political parties cite dif-

ferent scientific sources to back their claims, 

it raises the question of whether science is be-

ing used selectively to support preexisting be-

liefs or agendas (12). This line of thinking can 

erode public confidence in both science and 

government and undermine the foundational 

principles of scientific inquiry and its role in 

informing public policy and personal choices. 

Above all, our findings underscore the threat 

to the perception of science as a politically 

neutral, trusted source of information. 

Further, the low degree of overlap in the 

science cited by policy-makers across the 

two sides of the aisle raises concerns about 

the extent to which policies are always 

drawing on all of the best available scientific 

evidence. Although some of this is naturally 

driven by partisans’ differing positions, 

stances, or approaches to issues, our results 

demonstrate that policy-makers, both those 

left and right of center, are not generating 

broad syntheses of scientific evidence ac-

counting for multiple perspectives on rel-

evant issues. A failure to engage all of the 

appropriate, relevant science in policy-mak-

ing could result in policies that fall short of 

their intended objectives or, worse, precipi-

tate unintended adverse outcomes. Further-

more, the systematic disparity in the science 

cited by different parties then raises con-

cerns about the efficacy of the policies and 

their ability to serve shared societal goals. 

More broadly, in a robust democratic soci-

ety, although partisans might diverge on their 

priorities, values, and normative judgments, 

their capacity for effective cooperation—and 

the integrity of democratic institutions—is 

premised on maintaining a broadly shared 

set of facts. The partisan differences in the 

use and trust of science among policy-mak-

ers suggest a potential erosion of this shared 

factual foundation, thereby undermining 

bipartisan efforts toward constructive solu-

tions. Amid rising political polarization, the 

intertwining of science and partisan politics 

may impede constructive dialogue, hinder 

bipartisan cooperation, and stymie our col-

lective ability to address many pressing soci-

etal challenges.

The results presented in this paper suggest 

many areas for future research. For example, 

although the very public nature of citations 

in persuasive policy documents suggests 

that they may be suited to capturing policy-

makers’ revealed preferences regarding 

whether science is beneficial to their policy 

arguments (12, 13), future work may attempt 

to further unpack the purpose of those cita-

tions, helping us discern between “substan-

tive” and “strategic” uses of science or explore 

the broader “conceptual” use of science in 

shaping policy-makers’ perspectives (14). 

Moreover, although our focus has been pre-

dominantly on the US, the challenges high-

lighted here transcend national boundaries. 

All governments need accurate information 

to govern effectively, underscoring the need 

to broaden the geographical ambit of such 

studies. Lastly, although this paper focuses 

on the partisan citation of science, it also 

uncovers an important—albeit small—set of 

papers that consistently see bipartisan cita-

tion. A better understanding of this core of 

bipartisan-cited science could further dem-

onstrate the value of science across the po-

litical spectrum and reveal new avenues for 

fostering mutual understanding in a polar-

ized political climate.

Ultimately, science is a crucial public good 

and depends on both sustained public sup-

port and long-term commitments (2). By 

contrast, the American political landscape is 

characterized by inherent volatility and peri-

odic shifts in political control. Despite recent 

instances of bipartisan support for science, 

the uncovered partisan differences in the 

use and trust of science highlight a profound 

tension at the nexus of science and politics. 
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INSIGHTS

By Malin Ah-King

  I
n the current political moment, the 

question of how we understand sex is 

even more pressing than when anthro-

pologist Agustín Fuentes started writing 

his latest book, Sex Is a Spectrum: The 

Biological Limits of the Binary, which 

advocates for problematizing definitions 

of sex and a more nuanced understanding 

of the interweaving of nature and nurture 

BIOLOGY

The variable 

nature of sex

in gender and sex differences. Elaborating 

on his 2023 argument against “politicians, 

pundits and even a few scientists” who 

maintain that human sex is binary (1), this 

new book is Fuentes’s full-length refutation 

of such claims. He structures his case on 

scientific understandings of the evolution 

of sex and of variation in sex and behavior, 

offering readers a comparative perspective 

between human biology and primates and 

exploring what we know about human evo-

lutionary history and variation in contem-

porary human biological features. 

Fuentes does a good job of summarizing 

what we know about the evolution of sex 

and writes accessibly about the variability 

in sex and sex behaviors among 

animals, carefully document-

ing examples such as the genet-

ics of sex development in bees, 

sex-changing fish, and the caring 

patterns of crocodilians. Moving 

to humans, his main argument 

against binary sex frameworks is 

that humans are biocultural and 

that “the totality of the human 

experience cannot be reduced to 

either specific innate (biological) 

or external (environmental/cul-

tural) influences. It is a synthe-

sis of both.” Cultural context, he 

maintains, is a factor that helps form peo-

ple’s bodies and their experiences of their 

sex biology. 

In his description of current understand-

ings of human gender and sex differences, 

Fuentes uses the example of how average dif-

ferences in human height also contain over-

lapping distributions to make the case that 

other human traits vary in the same way. 

Here, too, he explains how the evolution of 

helpless human infants that necessitate co-

operation among multiple caretakers reveals 

how culture is entwined in the development 

of each human from the start. 

Not all humans align with typical bio-

logical patterns of sex, and throughout the 

book, Fuentes is sensitive to this, referring 

to males and females whose genes, gonads, 

and genitals do align as “3G” and to females 

as “large gamete producers” and males as 

“small gamete producers.” Although a bit 

cumbersome to read, the latter decision 

helps make the point that we need not as-

sume that the production of small or large 

gametes is directly connected to any other 

feature in an organism.

For the most part, I agree with Fuentes, 

yet I sometimes wished that his argumenta-

tion was less polemical. I fear that he might 

lose some of his potential audience with his 

assertive claims, for example, that there is 

“no biological battle of the sexes” in humans. 

This assertion is based on the author’s de-

bunking of the sex binary and his observa-

tion of the relatively small size difference 

between the sexes. Yet other scholars, such 

as primatologist Sarah Blaffer Hrdy, have ar-

gued that the threat to women’s reproductive 

rights is based in sexual conflict. 

Another overly broad generalization oc-

curs when Fuentes summarizes critiques 

of the 20th-century biologist Angus Bate-

man’s pioneering experiments in sexual se-

lection to argue that “Bateman was mostly 

wrong.” Although the criticism of Bateman’s 

work is valid, my guess is that most biolo-

gists would disagree with this statement, 

because, for example, he correctly predicted 

that male variation in reproductive success 

is greater than that of females in 

most species. 

Furthermore, I have some 

trouble with Fuentes’s discus-

sion of intersex conditions. 

Fuentes rightly states that the 

term “hermaphrodite” is no lon-

ger used when discussing hu-

mans, but then he claims that 

“the term ‘intersex’ is used for 

individuals that produce both 

types of gamete at the same 

time.” This is the definition of a 

hermaphrodite in biology, and 

Fuentes’s attempt to make the 

vocabulary more inclusive risks making the 

discussion of the phenomenon even more 

confusing. Earthworms are not “all inter-

sex,” and fish are not “sequentially intersex.”

I also felt uneasy with Fuentes’s detailed 

descriptions of intersex athlete Caster Se-

menya’s body, which felt reminiscent of 

other texts that have presented Semenya 

as an object, rather than a subject with a 

voice of her own. I much preferred Amanda 

Lock Swarr’s depiction of Semenya’s agency 

in Envisioning African Intersex. In that 

book, Lock Swarr recounts how Semenya 

and other intersex activists are resisting 

imposed pharmaceutical treatments to con-

form to medical norms and creating new 

decolonizing ways to conceptualize intersex.

Ultimately, however, I think Sex Is a Spec-

trum will be important for introducing a 

wide readership to the nuances of scientific 

understandings of variability in sex and of 

the biocultural constitution of humans, and 

I believe that there is much for biologists to 

appreciate in the book as well. j

REFERENCES AND NOTES

 1.  A. Fuentes, “Here’s why human sex is not binary,” 
Scientific American, 1 May 2023.

10.1126/science.adv3113

Fuentes argues that just as average differences in 

height contain some overlap, so too do other traits.

An anthropologist shows 
why we should think beyond 
the binary

B O O K S  e t  a l .
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The Biological Limits of 
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By Tara C. Smith

S
cientific advancements are often por-

trayed in popular culture as “eureka!” 

moments—incredible breakthroughs 

that result in a “before” and an “after.” 

Often, the advance comes from a lone 

genius outside of the mainstream. Al-

though it is rare that discoveries happen in 

this way, what is even rarer is our consider-

ation of moments poised for a “eureka” that 

never comes—of investigators who had all 

the information in front of them but did not 

quite make that revolutionary finding. In So 

Very Small, Thomas Levenson takes readers 

through an entertaining, if frustrating, jour-

ney of missed opportunities in microbiology 

and the eventual advances that arose in this 

field as humanity moved from ideas rooted in 

the “great chain of being,” humoral balance, 

and miasma theory toward more rigorous and 

evidence-based ideas of disease causation. 

The stories and characters Levenson high-

lights will likely be familiar to those who 

have a background in microbiology or the 

history of medicine. They include Antonie 

van Leeuwenhoek’s studies of “animalcules”; 

the move from smallpox variolation, champi-

oned by Boston physician Zabdiel Boylston 

and preacher Cotton Mather, to Edward Jen-

ner’s cowpox inoculation and the subsequent 

development of a smallpox vaccination; John 

Snow’s tracking of cholera deaths in London’s 

Soho neighborhood and the removal of the 

Broad Street pump handle from which the 

outbreak originated; and Ignaz Semmel-

weis’s experiments demonstrating that hand 

hygiene was lifesaving in maternity wards. 

Here, too, are Louis Pasteur’s and Robert 

Koch’s respective breakthroughs, which fi-

nally proved that microorganisms, including 

many of the same species seen in van Leeu-

wenhoek’s drawings two centuries ago, were 

the root cause of infectious disease. 

While Levenson retells the now-famous 

tales, he also is careful to point out some 

of the myths that have traveled with these 

lauded stories. Yes, Snow did yeoman’s work 

while deciphering the source of the 1854 chol-

era outbreak, but the removal of the Broad 

Street pump handle probably did not end the 

outbreak, and Snow had more doubters than 

MICROBIOLOGY

Missed connections

believers in the immediate aftermath of the 

epidemic. Yes, Pasteur was a genius who saw 

what many others missed, but he was wrong 

about the identity of the rabies pathogen 

and incorrect in his theory of how his rabies 

vaccine invoked immunity. An important 

throughline emerges with each incremen-

tal step toward germ theory: “What took so 

long?” What was it about the mindset of in-

vestigators at the time that allowed for some 

discovery but stymied the final connection 

between contagious diseases and the caus-

ative organisms that were readily observable? 

Why did so many brilliant thinkers miss what 

we now think of as the obvious link between 

organisms “so very small” and their role in 

sickness? Even the language used during this 

period suggested that investigators were on 

the right track, with many employing terms 

such as “particles of infection” and describing 

diseases as having been “seeded.” 

Once the connection was made, however, 

vaccines for various infectious agents quickly 

followed, as investigators used techniques 

such as the isolation and attenuation of 

pathogens or the cultivation of their toxins to 

develop antisera. The holy grail of infectious 

disease containment—cures—soon followed 

in the form of antibiotics. But those interven-

tions are not unassailable. 

Levenson ends So Very Small with cau-

tionary contemporary accounts of the ways 

we risk losing many of the practical benefits 

provided by understanding germ theory. 

Here, he notes that the success of germ 

theory hinged not only on it being “strictly 

scientific” but also on its ability to deliver 

what older attributions of causation could 

not: “a direct intervention in the course of a 

disease, based on a theory of infection that 

had passed repeated experimental tests.” He 

repeatedly returns to the idea of the “me-

tastasis of disinformation and the stubborn 

clinging to false ideas,” arguing that this phe-

nomenon is not restricted to the distant past. 

Antibiotics have been used unwisely, as Al-

exander Fleming—the discoverer of penicil-

lin—warned against in his 1945 Nobel prize 

acceptance speech. Vaccines are actively re-

jected, fueling outbreaks of measles and lead-

ing to preventable deaths from severe acute 

respiratory syndrome coronavirus 2 and in-

fluenza, among others. 

Although Levenson did not write a chap-

ter specifically on this topic, the scientist in 

me could not help but wonder while reading 

his book: What groundbreaking discoveries 

are staring us in the face right now that we 

are unable to see? What breakthrough will 

emerge in a few decades’ time that was in 

front of us all along? What errors, as Pasteur 

suggested of his contemporaries, might we 

be currently unable to perceive nor know 

how to avoid? Levenson concludes that “we 

aren’t smarter than the microcosmos,” and 

despite centuries of advances, it is clear that 

he is correct. j

10.1126/science.adv9772

Early investigators struggled to link contagious diseases 
and their causative agents

In 2025, Science will present a 
limited podcast series featuring 
books that delve into the science 
of death, exploring the topic 
through the lenses of biology, 
sociology, technology, and even 
astrophysics. On the 24 April 
episode of the Science podcast, 
series host Angela Saini and 
Science’s books and culture 
editor, Valerie Thompson, 
offer listeners a sneak preview 
of the six books and authors 
that will be discussed in the 
months to come.
https://bit.ly/4jdSsWU

10.1126/science.adx9075Grave decorations honor the dead in Xalpatláhuac, Mexico.

PODCAST 

SCIENCE OF DEATH

The reviewer is at the College of Public Health, Kent State 
University, Kent, OH, USA. Email: tsmit176@kent.edu

So Very Small:
How Humans Discovered 
the Microcosmos, 
Defeated Germs—and May 
Still Lose the War Against 
Infectious Disease
Thomas Levenson
Random House, 2025. 448 pp.
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INSIGHTS  

each dollar of investment in the National 

Science Foundation (NSF) generates about 

US$2 of economic growth (4). A prime 

example of this economic outgrowth is the 

birth of the internet, which arose from a 

US$55 million grant from the NSF for a 

supercomputer center (5). The explicit goal 

of this unsolicited grant was to establish 

a National Center for Supercomputing 

Applications (6) to solve scientific prob-

lems that required large-scale computing. 

One by-product of this investment was the 

first web browser, Mosaic (7), which led to 

Netscape, the first commercially available 

browser (8), ultimately giving rise to the 

current landscape of e-commerce.  

As shown by this example, US scientists 

have traditionally enjoyed the freedom to 

engage in idea-driven rather than product-

driven research, and that innovation has 

driven the US economy. Yet as of 2024, the 

US ranks second to China on the Nature 

Index for high-impact research (9), indicat-

ing the need for even more investment and 

continued support for scientists’ pursuit 

of research unfettered by state mandates. 

Rather than making “America first,” the 

Trump administration’s plans to decrease 

science funding are likely to result in the 

country falling even further behind its global 

competitors. Scientists at the highest, most 

public levels must denounce the administra-

tion’s funding cuts and antiscience policies if 

the US scientific enterprise is to thrive. 

Philip Phillips1,2

1Department of Physics, University of Illinois at 
Urbana−Champaign, Urbana, IL, USA. 2Anthony 
J. Leggett Institute of Condensed Matter Theory, 
University of Illinois at Urbana−Champaign, 
Urbana, IL, USA. Email: dimer@illinois.edu
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US scientists must 
stand together
 US federal support for science is eroding (1), 

and the future of US scientific agencies and 

institutions is uncertain. Simultaneously, 

the Trump administration is scapegoating 

minority groups, including immigrants, 

trans people, people of color, and disabled 

people (2–4). In the face of this federal 

onslaught, scientists may feel uncertain 

about how to respond. Speaking up may feel 

risky or even futile, but the risk of backlash 

grows with each day that silence becomes 

the norm (5, 6). Now is the time for scien-

tists to ask more of each other and demand 

more from our institutions. 

Scientists have a responsibility to care for 

each other as members of labs, departments, 

unions, and professional societies. We must 

collectively demand that our institutions 

safeguard our personal and professional 

Edited by Jennifer Sills

  Editor’s note
On 15 September 2022, Science published 

the Research Article “Structural basis for 

strychnine activation of human bitter taste 

receptor TAS2R46” by W. Xu et al. (1). On 

22 November 2022, an Editorial Expression 

of Concern alerted readers to concerns 

regarding fig. S10D (2). The authors have 

now corrected the paper, and the Editorial 

Expression of Concern has been replaced 

by an Erratum (3). As described in the 

Erratum, the authors repeated biolumines-

cence energy transfer experiments that were 

the basis for figs. S9, C to F, and S10D. The 

new data did not provide strong functional 

support for the structure-based suggestion 

of precoupling between TAS2R46 and the G 

protein gustducin. In the corrected version 

of the Research Article, Xiaoling Cao is no 

longer an author; figs. S9, C to F, and S10D 

have been removed; and the conclusions on 

precoupling are weaker than in the original 

version. The editors remain confident in the 

key findings of the paper: the cryo–electron 

microscopy structures of human TAS2R46 

complexed with chimeric mini–G protein 

gustducin, in both strychnine-bound and 

apo forms.

H. Holden Thorp
Editor-in-Chief, Science journals
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Science, not silence: 
Save US economic growth
Scientists in the US are under siege. 

The Trump administration has placed a 

stranglehold on federal funding of research 

and development (1, 2). Yet there has been 

hardly any public denouncement of the 

Executive Branch’s slash-and-burn strategy 

from scientific leaders, the national acad-

emies, or university presidents. The US has 

had a long track record of science driving 

economic strength (3, 4), and scientific 

leaders must push back against the admin-

istration’s efforts to dismantle the support 

that enables scientific success. 

Each dollar of federal funding to the 

National Institutes of Health contributes 

US$2.46 to economic growth (3), and 

A US National Science 

Foundation grant made 

commercial web browsers and 

e-commerce possible.

L E T T E R S
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well-being. Institutional actions should 

include protecting those targeted by the 

Trump administration (4, 7) and pushing 

back against unjustified funding cuts (8, 9). 

Even in the absence of strong institutional 

response, labs and departments can model 

leadership by making space for open discus-

sion of federal decisions. Conversations 

about the material consequences of the 

Trump administration’s actions (10, 11) can 

serve as valuable guides for collectively 

identifying suitable responses. Sharing 

accurate information about the limits of fed-

eral policies is also crucial. Overestimating 

the power and scope of federal decisions 

could inadvertently lead to scientists ced-

ing unnecessary ground (5). For example, 

preemptively removing content related to 

diversity, equity, and inclusion from lab 

materials may be a freely given concession 

at many institutions. Frank and frequent 

conversation can help assess the risks and 

benefits of potential action.

 Scientific institutions face immense 

federal scrutiny, but this pressure cannot 

serve as an excuse for silence or inaction. 

In the face of unreliable federal support, 

scientists must raise, not lower, expecta-

tions of each other and of our leaders (12).  

Anita Simha* and Gaurav Kandlikar
Department of Biological Sciences, Louisiana 
State University, Baton Rouge, LA, USA. 
*Corresponding author. Email: asimha@lsu.edu
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OUTSIDE THE TOWER

Rallying for US science
I was sitting with my son on a step leading up to the Lincoln 

Memorial in Washington, DC, which, on this sunny March after-

noon, also served as stage right for a massive rally. “Remember,” 

one of the event organizers told me, “speak loudly and directly 

into the microphone.” I heard my name announced, and goose-

bumps rose on my arms. Suddenly, I was standing before a crowd 

of 5000 energized people. A sign held by one of the attendees 

caught my eye: “Girls just want to have funDING FOR SCIENCE.” 

I began to speak, surprised by how different it felt compared 

with giving my usual talks as a professor and biologist. I quickly 

learned, in real time, to pause between sentences—like politicians 

do—allowing space for the crowd’s enthusiastic cheers.

The Stand Up for Science 2025 rally, organized by four PhD stu-

dents and one recent PhD graduate (1), united scientists across 

the US with simultaneous rallies in nearly 

every state, as well as in France and Germany. 

I first learned about the event 3 weeks earlier 

and immediately decided to go. When I asked 

my 12-year-old son if he would join me, he 

agreed—on one condition: I had to be one of 

the speakers. 

At my son’s urging, I reached out to the 

organizers. I offered to speak about how sci-

ence delivers breakthroughs even though its 

path is unpredictable. I wanted to emphasize 

the importance of investing in science and warn 

that trust in science is under threat. I have been 

championing creative, exploratory thinking in 

research for a long time, and the organizers 

agreed that the message was important.

The Stand Up for Science team brought 

together those who feel a crisis looming 

in how the US government funds science. 

Throughout the day, I engaged in conversa-

tions about the importance of building on this 

momentum and maintaining public trust. The 

rally was an opportunity to challenge misconceptions and show 

why investment in science is vital for our health, our economy, 

and our future. I hope that its success inspires scientists across 

the country and the world to participate in efforts to com-

municate with the public and demonstrate the crucial role of 

government funding for science.

Itai Yanai
Institute for Systems Genetics, NYU Langone Health, New York, NY, USA. 
Email: itai.yanai@nyulangone.org
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Call for submissions

Outside the Tower is an occasional feature highlighting scientists’ advocacy 

experiences. Submit your advocacy story at http://cts.sciencemag.org.

Peaceful protesters stand up for science at the Lincoln Memorial in Washington, DC on 7 March 2025.



fields. However, understanding its 

dynamics at high concentrations 

remains difficult, particularly 

because traditional electrical 

measurements are constrained 

by response times and complex 

interactions with the probing 

system. Moreover, classical 

mean-field models have not been 

validated for this regime. Greco 

et al. developed an all-optical 

method to induce and monitor 

EDL dynamics at the air-elec-

trolyte interface at arbitrary 

concentrations. Classical Debye-

Falkenhagen theory accurately 

predicted EDL relaxation times at 

high concentrations, suggesting 

its applicability beyond traditional 

machinery. Hayes et al. identified 

one such system that acts as 

an RNA inhibitor of the RNA-

targeting CRISPR-Cas13 system. 

Analysis of the RNA in complex 

with Cas13 revealed that it bears 

little sequence similarity to guide 

RNAs but mimics their structure 

to inhibit Cas13. —Di Jiang

Science p. 387, 10.1126/science.adr3656

CHEMICAL PHYSICS

Probing EDL dynamics
The electrical double layer 

(EDL), which is formed when an 

electrolyte solution comes into 

contact with a solid surface, is 

an important concept in many 

CRISPR

Viruses inhibit CRISPR
by RNA mimicry
CRISPR-Cas systems confer 

antiviral immunity to their bacte-

rial hosts using RNA-guided 

Cas nucleases, which mediate 

sequence-specific destruction 

of viral DNA or RNA. In response, 

viruses evolved counterde-

fenses, usually proteins, called 

anti-CRISPRs that inhibit activi-

ties of Cas proteins to overcome 

immunity. Some viruses also 

produce RNA anti-CRISPRs, 

which resemble CRISPR 

guide RNAs in sequence but 

induce malfunction of CRISPR P
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limits. This insight into EDL 

dynamics highlights the complex 

interplay between specific inter-

actions and classical electrostatic 

forces at high concentrations. 

—Yury Suleymanov

Science p. 405, 10.1126/science.adu5781

TOLERANCE

Regulatory T cells
in miscarriage
During pregnancy, a tolero-

genic microenvironment is 

established in the decidua, 

the inner lining of the uterus, 

to prevent fetal rejection. 

Regulatory T (Treg) cells play 

a key role in fetal-maternal 

tolerance, but further under-

standing of Treg cell function 

in the decidua is needed. Li et 

al. performed single-cell RNA 

sequencing on decidual CD4+ 

T cells during early pregnancy. 

They identified a population of 

immunosuppressive CCR8+ Treg 

cells enriched in the decidua 

(dTreg
 cells) that were reduced in 

women with recurrent preg-

nancy loss. Depletion of CCR8+ 

Edited by Michael Funk
I N  SC IENCE  J O U R NA L S

RESEARCH

NATURAL HISTORY

The bone collector

T
he vast majority of lepidopteran caterpillars are herbivorous. Those that break this rule 

tend to do so in unexpected ways, such as the Hawaiian inchworm, which is an ambush 

predator. Rubinoff et al. describe another unusual caterpillar, also from Hawaii, that 

scavenges discarded insect parts. The “bone collector” caterpillar lives in spider webs and 

feeds on the discarded bits of the spider’s insect prey. Perhaps to avoid detection, these 

caterpillars construct portable cocoons decorated with inedible discarded parts. This species is 

5 million years older than the oldest Hawaiian island but is now highly endangered, being found 

in only a single population on O‘ahu. —Sacha Vignieri Science p. 428, 10.1126/science.ads4243

Bone collector caterpillars, seen here, evade detection by forming a portable case made of discarded insect body parts.
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dTreg cells in abortion-prone 

mice increased cytotoxic T cells 

and natural killer cells in the 

decidual microenvironment and 

increased susceptibility to fetal 

loss. These findings indicate that 

CCR8+ dTreg cells are required 

for fetal tolerance during early 

pregnancy. —Hannah Isles

Sci. Immunol. (2025)

 10.1126/sciimmunol.ado2463

EXOPLANETS

Microlensing exoplanets 
on wide orbits
Gravitational microlensing occurs 

when a foreground star passes 

between Earth and a background 

star, focusing light and causing 

an apparent increase in bright-

ness. If the foreground star has 

an orbiting planet, then a second, 

briefer brightness increase 

can occur. Zang et al. identi-

fied a microlensing event due 

to an exoplanet with a planet/

star mass ratio between those 

of Earth and Neptune. They 

combined this object with a 

larger sample of planets detected 

using microlensing to constrain 

the abundance and population 

distribution of planets on Jupiter-

like orbits. They found a bimodal 

distribution, which they inter-

preted as reflecting the formation 

mechanisms. —Keith T. Smith

Science p. 400, 10.1126/science.adn6088

METABOLISM

How fasting hits 
differently in obesity
Obesity perturbs many 

metabolic processes. Morita 

et al. constructed a network 

revealing regulatory relation-

ships between different types 

of molecules based on omics 

data collected from the livers 

of normal and obese mice 

during food deprivation. The 

starvation-responsive metabolic 

network had a similar structure 

in normal and obese mouse 

liver. However, the metabolic 

network in obese mouse liver 

was wired around different key 

molecules and showed temporal 

and pattern disruptions. These 

defects may help to explain how 

Edited by Corinne Simonti

and Jesse Smith
IN OTHER JOURNALS

DISEASE GENOMICS

Detangling ancestry 
effects on disease
Recent progress in human 

genomics has resulted in vast 

databases of genetic and 

clinical data that are then used 

to inform the diagnosis and 

treatment of medical condi-

tions. Unfortunately, most of 

the individuals included in these 

databases are of European 

descent, making it more difficult 

to apply precision medicine for 

individuals of other ancestries. 

To overcome this challenge, 

Smith et al. developed a 

machine learning method 

called PhyloFrame, which can 

distinguish ancestry-specific 

and disease-specific genetic 

obesity negates the beneficial 

effects of intermittent fasting. 

—Wei Wong

Sci. Signal. (2025)

 10.1126/scisignal.ads2547

AGRICULTURE

Tending the soil
High-intensity, high-yield 

“conventional” agriculture uses 

practices that can reduce soil 

health and have other negative 

environmental impacts. Organic 

farming generally has a lower 

environmental impact because 

it avoids synthetic pesticides 

and fertilizers, but both organic 

and conventional farms can vary 

widely in practices that affect 

soil. van Rijssel et al. assessed 

soil biota and functions, including 

a measure of multifunctionality, 

in 53 organic and conventional 

fields across the Netherlands. 

They found no significant differ-

ence in soil multifunctionality 

between broader agriculture 

types, but specific practices 

positively (cover cropping) or 

negatively (inversion tillage) 

affected soil functions. Adopting 

specific practices might thus 

improve the sustainability of both 

organic and conventional farms. 

—Bianca Lopez

Science p. 410, 10.1126/science.adr0211

ELECTROCHEMISTRY

Metal cooperation
for water splitting
Splitting water electrochemi-

cally is an appealing method for 

sustainable and environmentally 

friendly hydrogen production. 

However, current catalysts still 

lack the stability and activity to 

cost-effectively scale the process 

for the envisioned applications. 

Yue et al. report an earth-

abundant multimetallic catalyst 

for the oxygen evolution side 

that exhibits high stability under 

alkaline conditions. The catalyst 

assembly combines an iron and 

cobalt metal organic framework 

with nickel and tungsten poly-

oxometalate clusters, which the 

authors posit facilitates efficient 

electron transfer in a stable 

structure. —Jake S. Yeston

Science p. 430, 10.1126/science.ads1466

Feedback from higher-level visual processing centers 

in the brain influences the early stages of object recognition.

NEUROSCIENCE

You see what you expect

V
isual recognition is thought to start with basic object 

features in the primary visual cortex, reaching the level 

of object representation at higher cortical areas after 

processing. However, there is increasing evidence for 

top-down influences in these pathways. Altavini et al. 

recorded from electrode arrays in several rhesus monkey 

cortical areas during a delayed match-to-sample task, which 

measured the effect of cued objects on neuronal responses 

to a range of objects. Top-down influences were involved in 

object recognition at several visual pathway stages. Many 

neurons changed their selectivity with different cues even at 

the earliest processing stages. This indicates that internal rep-

resentations of object identity are continually being fed back 

to all cortical areas in the ventral visual stream. —Peter Stern

Proc. Natl. Acad. Sci. U.S.A. (2025) 10.1073/pnas.2406684122
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signatures and help identify 

ancestry-specific genetic vari-

ants that affect disease risk. 

This approach avoids reliance 

on self-identification and the 

assumption that individuals 

come from uniform ancestral 

backgrounds, which is par-

ticularly important in a world of 

increasingly admixed popula-

tions. —Yevgeniya Nusinovich

Nat. Commun. (2025) 

10.1038/s41467-025-57216-8

SIGNAL TRANSDUCTION

Tracking PIP3 
at the lysosome
Phosphatidylinositol (3,4,5) 

trisphosphate (PIP3) is a critical 

signaling molecule generated 

in response to growth factors 

and is considered to function 

primarily at the cell mem-

brane. Sahan et al. developed 

a fluorescence resonance 

energy transfer (FRET)–based 

sensor for PIP3 that features 

tunable affinity and can be 

targeted to lysosomes, which 

are now recognized as being 

important hubs for cell signal-

ing. The sensor detected 

rapid accumulation of PIP3 

at lysosomes in cultured 

mouse embryonic fibroblast 

NIH3T3 cells stimulated with 

platelet-derived growth factor. 

The PIP3 appeared to be gener-

ated at the cell membrane and 

required dynamin-dependent 

endocytosis for internalization 

and delivery to the lysosomes. 

These sensors may enable a 

better understanding of the 

spatiotemporal control of PIP3 

signaling in health and disease. 

—L. Bryan Ray

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

10.1073/pnas.2426929122

PLASMONICS

High-speed 
plasmonic modulator
While mobile communications 

continue to expand 5G coverage 

across their networks, the desire 

for even faster data rates and 

higher capacity will require the 

development of 6G components 

for deployment in 5 to 10 years. 

These devices typically would 

operate at terahertz frequencies 

and require integrated photon-

ics to bridge the operational 

frequencies from electronics 

to optical fiber carriers. Horst 

et al. have developed ultrafast 

plasmonic modulators that 

can meet these requirements. 

Demonstrating the ability to 

modulate an input signal from 

megahertz to terahertz that 

is compatible with photonic 

integrated circuitry will be 

important for developing the 

next generation of wireless 

technology. In sensing mode, the 

broadband plasmonic modulator 

should also find application in 

biological and security imaging. 

—Ian S. Osborne

Optica (2025) 

10.1364/OPTICA.544016

STEM WORKFORCE

Perceived realities 
for women in physics
Women remain underrepre-

sented across all levels of physics. 

Previous research suggested that 

women both perceive and receive 

less recognition about their 

abilities as physicists than men 

do, but it is not well understood 

whether these facts are related. 

Sundstrom and Holmes tested 

three models by surveying more 

than 1700 undergraduate physics 

students. Results showed that 

for men and women receiving the 

same recognition (and having the 

same demographics), women, on 

average, reported their perceived 

recognition as 0.25 points (on a 

5-point Likert scale) lower than 

men. Therefore, a woman would 

need to receive three more nomi-

nations (received recognition) 

to increase their perceived peer 

recognition by this amount. This 

study identifies correlational 

findings, laying the foundation for 

identifying causal mechanisms to 

answer the ultimate question of 

why men and women in physics 

internalize recognition differently. 

—Melissa McCartney

Nat. Phys. (2025)

 10.1038/s41567-025-02789-w

ION SEPARATIONS

Capturing the 
larger cations
Functionalization of covalent 

organic frameworks (COFs) with 

crown ethers enables the selec-

tive electrochemical capture of 

alkali ions. Jiang et al. synthe-

sized COFs with a Schiff-base 

reaction between terphenyl 

dicarbaldehydes bearing 12-, 

15-, or 18-crown ethers as struts 

with 1,3,5-tris(4-aminophenyl)-

benzene as the linker. When 

used as the cathode for alkali 

ion capture, the 18-crown ether 

material showed high selectiv-

ity for larger cations (~14 for K+ 

over Na+ and ~22 for Rb+ over 

Na+) and high selectivity and 

capacity with mixed-cation feeds. 

—Phil Szuromi

J. Am. Chem. Soc. (2025)

 10.1021/jacs.4c16346

MIGRATION

I’m sailing away

S
peciation can result from long-distance 

migrations, particularly those that cross 

geographic barriers such as mountains or 

bodies of water. In cases of extreme dis-

tances, such as crossing oceans, it can be 

difficult to determine the source population and 

thus the dynamics surrounding the speciation 

event. Scarpetta et al. analyzed 4441 loci from 

across the genomes of 14 species of iguanas 

to determine the nearest living relative of the 

Fijian banded iguana (Brachylophus bulabula). 

The closest was the North American desert 

iguana (Dipsosaurus dorsalis), suggesting that 

the ancestral populations of modern-day Fijian 

iguanas rafted a staggering 5000 miles across 

the Pacific Ocean rather than island hopping 

from Southeast Asia. —Corinne Simonti

Proc. Natl. Acad. Sci. U.S.A. (2025) 10.1073/pnas.2318622122
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The ancestors of the Fijian banded 

iguana likely originated from 

western North America, a journey 

requiring a 5000-mile 

transoceanic voyage.



REVIEW SUMMARY
◥

CONSERVATION

A well-connected Earth: The science and conservation
of organismal movement
Jedediah F. Brodie*, Andrew Gonzalez, Jayasilan Mohd-Azlan, Cara R. Nelson, Gary Tabor,

Divya Vasudev, Katherine A. Zeller, Robert J. Fletcher Jr.

BACKGROUND: New global biodiversity targets

focus on the importance of protecting con-

nectivity, the unimpeded flow of organisms

and natural processes across landscapes and sea-

scapes, as a foundational component of bio-

diversity conservation. The Kunming–Montreal

Global Biodiversity Framework presents hu-

manity’s most ambitious conservation strategy

to date: setting aside 30% of Earth as net-

works of “well-connected” protected areas by

2030. But the term “well connected” has not

been defined and is difficult to quantify, mak-

ing it problematic to ascertainwhether actions

will result in the protection and restoration of

well-connected land- and seascapes. Because

ecological connectivity varies across environ-

mental contexts and scales, precise definitions

and measurements have been elusive, render-

ing it difficult to quantify connectivity in ro-

bust and comparable ways that span multiple

species and ecosystems. The clear challenge is

to transform the concept of well connected

from ambiguous to a scientifically grounded,

robust, and quantifiable concept that is eco-

logically and socially meaningful across biomes,

taxa, and scales.

ADVANCES: Recent advances allow the mea-

surement and prediction of organismal move-

ments and connectivity at multiple scales and

highlight relationships between connectivity

and ecological integrity. Connectivity influences

population dynamics, with meta-analyses of

natural and experimental corridors demon-

strating their efficacy at enhancing organismal

dispersal, which in turn affects fitness, abun-

dance, and community diversity. By helping

maintain populations and metapopulations,

connectivity supports the ecological functions

that species’ movements provide, including

provisioning of ecosystem services that benefit

humanity. For example, models and empirical

data show that loss of connectivity can affect

pollination and the natural control of crop

pests. Accumulating evidence also highlights

ongoing and severe losses of connectivity glo-

bally, which now require action to bring con-

nectivity back for nature and society.

We propose an operational definition of “well

connected” that can be adapted to nearly any

ecosystem or set of focal species (or focal eco-

logical functions) for which data are available.

Specifically, a landscape, seascape, or protected-

area network is well connected if organismal

movement is sufficient to maintain the long-

term persistence of focal taxa, maintain ecolog-

ical functions, and/or sustain the provisioning

of ecosystem services relative to counterfac-

tuals with the same amount of intact habitat

and no barriers to movement. This definition

allows flexibility in assessing counterfactuals

based on real-world scenarios (for example,

nearby undisturbed study areas) or computer

simulations. A variety of existingmetrics allow

the measurement of particular aspects of con-

nectivity across space and over time, but there

is a pressing need for additional indicators that

go beyond measuring structural connectivity

to estimate the long-term persistence of spe-

cies and the ecological functions they provide.

Policy-driven action needs robust evidence pro-

vided by a detection and attribution frame-

work demonstrating that connectivity change

results in positive outcomes for biodiversity

conservation.

OUTLOOK: Advances in connectivity science can

guide biodiversity conservation, ecological res-

toration, and climate adaptation. But although

connectivity has been incorporated into recent

conservationplans,muchof connectivity science

and science-informed planning is not well

implemented. Perhaps most critically, connec-

tivity is not well integrated into the designa-

tion of protected-area networks, as evidenced

by only ~10% of global protected areas being

structurally connected. As we expand from

~15% global protected area coverage in 2020

toward 30% by 2030, incorporation of struc-

tural and functional connectivity will be crit-

ical to avoid extinctions in isolated parks and

reserves. In addition, a coordinated interna-

tional effort to produce and share data on the

movement of animals, plants, and other taxa

will help ensure that investments in climate

resilience and large-scale conservation and res-

toration will result in anticipated biodiversity

gains. Viewing connectivity as the conceptual

link between biological, economic, and societal

objectives provides a foundation for a strong

connectivity science that informs conserva-

tion planning.▪
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Process:

Benefits:

Goal: Ensure biodiversity persistence, adaptation, and ecosystem function by 
enhancing connectivity across landscapes and seascapes

Persistence of Earth’s ecological 
and evolutionary legacy

Protect 
connectivity

Monitor 
change

Plan and 
improve

Restore 
connectivity

Define 
objectives

Understand 
context

Natural climate solutions 
and resilient ecosystems

Social, cultural, and 
economic well-being

Connectivity enables organisms to move and facilitates ecological processes across scales.
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Tumor-derived erythropoietin acts as an
immunosuppressive switch in cancer immunity
David Kung-Chun Chiu*, Xiangyue Zhang, Bowie Yik-Ling Cheng, Qiang Liu, Kazukuni Hayashi,

Bo Yu, Ryan Lee, Catherine Zhang, Xiuli An, Jayakumar Rajadas, Nathan E. Reticker-Flynn,

Erinn B. Rankin, Edgar G. Engleman*

INTRODUCTION: Cancer patients with inflamed

(T cell–rich) tumors, indicative of an active anti-

tumor immune response, often benefit from

immune checkpoint blockade (ICB) therapy.

However, despite thepresenceof tumormutations

that should theoretically trigger an immune re-

sponse, most patients have noninflamed (T cell–

deprived) tumors and do not benefit from ICB.

These noninflamed tumors are typically replete

with immunosuppressivemacrophages andneu-

trophils that hinder T cell priming, activation,

and homing—critical processes for fostering

antitumor immunity. Yet, the mechanisms that

determine the immune cell profile or immuno-

type of tumors remain poorly understood.

RATIONALE: To investigate the factors that gov-

ern antitumor immunity and tumor immuno-

type, using somatic gene editing, we developed

and compared spontaneous mouse models of

hepatocellular carcinoma (HCC) with either

an inflamed or a noninflamed tumor micro-

environment (TME). Notably, elevated plasma

erythropoietin (EPO) and splenomegaly were

observed exclusively in noninflamed tumor

models, independent of tumor size and without

signs of anemia. EPO, a glycoprotein hormone

known for stimulating red blood cell production,

has recently been implicated in other biological

processes involving resolution of inflammation.

Clinically, high expression of EPO is linked to

poor prognosis in several cancers, includingHCC,

and accumulation of immunosuppressive cells

such as regulatory T cells (Treg cells) and regula-

tory macrophages. Therefore, we hypothesized

that EPOmay play a key role in promoting an

immunosuppressive, noninflamed TME.

RESULTS: Using both gain-of-function (EPO

overexpression in inflamed tumors) and loss-of-

function (EPO ablation in noninflamed tumors)

approaches, we established that tumor-secreted

EPO autonomously shapes the immune land-

scape of the TME by promoting Treg cells while

reducing CD8
+
effector memory T cells (TEM

cells), thereby facilitating immune evasion.

Because we observed that immunoregulatory

macrophages constitute the predominant EPO

receptor–positive (EPOR
+
) population in hu-

man and mouse HCC, we hypothesized that

EPOR
+
macrophages directly mediate the ef-

fects of EPO and are indispensable for prevent-

ing immunosurveillance in HCC. We found

that EPOR reduction in macrophages—achieved

either through genetic deletion or macrophage-

targeted small interfering RNA treatment—

significantly inhibited noninflamed tumor

growth, even leading to spontaneous regression

of some established tumors. This effect was

primarily driven by a robust CD8
+
TEM cell re-

sponse, which synergized with ICB. A similar

therapeutic synergy was also observed in es-

tablished noninflamed tumors treated with

either tamoxifen-induced EPOR deletion in

macrophages or pharmacological inhibition

of EPO/EPOR signaling using an EPOR-Fc chi-

mera decoy receptor to neutralize EPO. Mech-

anistically, we showed that EPO reprograms

proinflammatory macrophages—responsible

for chemokine production and antigen presen-

tation to recruit and activate effector T cells—

into immunoregulatory macrophages with

Kupffer cell–like characteristics. Finally, we

identified NRF2 (nuclear factor erythroid 2-

related factor 2) as a critical downstream me-

diator of the EPO/EPOR axis, driving heme

depletion and antioxidant production in mac-

rophages, which are key events in immuno-

regulatory macrophage reprogramming.

CONCLUSION:Using spontaneous preclinical

models of HCCwith distinct immunotypes, we

show that the EPO/EPOR axis functions as an

immunosuppressive switch in macrophages

that maintains a T cell–deprived TME, thus

posing a major barrier to effective antitumor

immunity. Inactivation of EPO/EPOR repro-

gramsmacrophages to initiate a robust antitumor

immune response, converting a noninflamed

TME into an inflamed one. These findings

point to the EPO/EPOR axis as a promising

therapeutic target in HCC. Given that high

EPO expression is associatedwith a poor prog-

nosis across various solid tumors, targeting

this axis may prove effective in the treatment

of other tumors as well.▪
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EPO/EPOR signaling in macrophages imposes a noninflamed tumor immunotype. Tumor-derived EPO

binds to EPOR on tumor-associated macrophages, preventing their differentiation into immune-stimulatory

macrophages that drive effector T cell (green) activation and recruitment. Instead, EPO-stimulated macrophages

are immunoregulatory, promote Treg cell (blue) activation, and sustain a noninflamed, T cell–deprived TME.

Targeting the EPO/EPOR axis in macrophages converts a noninflamed TME into an inflamed, immune-active state.
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Structural mechanism of LINE-1 target-primed
reverse transcription
George E. Ghanim*, Hongmiao Hu, Jerome Boulanger, Thi Hoang Duong Nguyen*

INTRODUCTION: Long interspersed element–1

(LINE-1) retrotransposons are the most abun-

dant and the only active autonomous trans-

posable element in humans, accounting for

~17% of the human genome. LINE-1 activity

can have profound effects on genomic integ-

rity and has been strongly linked to cancers

and various other diseases. The propagation

of LINE-1 occurs through a mechanism called

target-primed reverse transcription (TPRT).

During TPRT, the open reading frame 2 protein

(ORF2p), encoded by LINE-1, cleaves the target

DNA and reverse transcribes LINE-1 messenger

RNA (mRNA) into a new genomic location. To

complete the insertion, a second cleavage on

the opposite DNA strand and DNA synthesis

of this second strand are necessary. The stag-

gered nature of the two cleavages leads to the

duplication of the target sequence at both ends

of the insertion, a feature known as target site

duplication (TSD). However, how ORF2p re-

organizes the target DNA for reverse trans-

cription, whether ORF2p nicks both target DNA

strands, the factors influencing the variable

length of the TSDs, and the involvement of host

factors in this process remain largely unknown.

RATIONALE: In this study, we aimed to dissect

the molecular mechanisms underlying LINE-

1 retrotransposition. We sought to understand

how ORF2p handles nucleic acids during

TPRT by biochemically and structurally cap-

turing a LINE-1 TPRT complex, which includes

ORF2p, a substrate RNA, and an authentic

target DNA derived from the human factor

VIII gene. Using AlphaFold3 structure pre-

diction, we also explored potential interac-

tions with host factors to elucidate their roles

in LINE-1 retrotransposition.

RESULTS: We biochemically stalled ORF2p

during TPRT by bypassing the first nicking

step and resolved four structures of the TPRT

complex using cryo–electron microscopy (cryo-

EM). Our structures show that ORF2p bends

and unwinds the target DNA, inserting the

nicked 3′ end into its active site to prime

reverse transcription. We observe that the

second DNA strand is also nicked in the TPRT

structures. Biochemical experiments confirmed

that the endonuclease domain of ORF2p is

responsible for second-strand nicking, either

before or concurrently with the reverse trans-

cription of the first strand. Structural analysis

suggests that the flexibility of the endonuclease

domain, along with target DNA unwinding,

may contribute to the variability in TSD length.

Notably, the identified nicking sites are

close to but do not coincide with the putative

nicking site from the patient-derived target

DNA sequence. This discrepancy could be

attributed to interactions between the LINE-

1 ribonucleoprotein (RNP) and other cellular

factors. Alphafold3 predictions identify previ-

ously unknown interaction sites on ORF2p for

proliferating cell nuclear antigen (PCNA) and

cytoplasmic poly(A)-binding protein 1 (PABPC1).

These binding sites are highly conserved and

are critical for retrotransposition. The predicted

binding site for PCNA aligns with the position

of target DNA in our cryo-EM structure. The

predicted interaction with PABPC1 may ex-

plain a phenomenon known as cis-preference,

in which ORF2p preferentially associates with

its encoding mRNA.

Together with structure predictions, our

structure and associated experiments allow us

to expand on themodel of LINE-1 retrotrans-

position. First, cotranslational interaction be-

tweenORF2p andPABPC1may facilitateORF2p

association with its own mRNA. Upon RNP

formation and nuclear import, LINE-1 RNP

may be recruited to a target DNA by interac-

tion with PCNA. ORF2p cleaves the first strand,

remodels the target DNA, and cleaves the sec-

ond strand before or during first-strand syn-

thesis. Once the first strand is copied, ORF2p

synthesizes the second strand by priming

from the nicked second strand, resulting in a

new LINE-1 insertion. In this model, prema-

ture initiation of second-strand synthesis would

result in 5′ truncated insertions.

CONCLUSION: We present the structure of a hu-

manLINE-1 TPRT complex, providing insights

into the extensive remodeling of the target

DNA by ORF2p and clarifying the mechanism

of second-strand nicking. We describe previ-

ously unidentified PCNA and PABPC1 binding

sites on ORF2p, highlighting their potential

involvement in LINE-1 retrotransposition. To-

gether, our findings propose a revised model

for LINE-1 retrotransposition, detailing an

updated sequence of events for TPRT.▪
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Distinct adipose progenitor cells emerging with age
drive active adipogenesis
Guan Wang†, Gaoyan Li†, Anying Song, Yutian Zhao, Jiayu Yu, Yifan Wang, Wenting Dai,

Martha Salas, Hanjun Qin, Leonard Medrano, Joan Dow, Aimin Li, Brian Armstrong, Patrick T. Fueger,

Hua Yu, Yi Zhu, Mengle Shao, Xiwei Wu, Lei Jiang, Judith Campisi, Xia Yang*, Qiong A. Wang*

INTRODUCTION: Adipose tissue plays a crucial

role in regulating various hormonal andmeta-

bolic processes and demonstrates substantial

compositional and phenotypic plasticity. From

middle age to early aging, adults often exper-

ience a notable increase in visceral adipose

tissuemass. Visceral adiposity is believed to be

an important risk factor for various metabolic

disorders. The accumulation of adipose tissue

occurs through two primarymechanisms: adi-

pocyte hypertrophy and adipogenesis. How-

ever, the mechanisms by which early aging

contributes to adipose tissue accumulation re-

main poorly understood.

RATIONALE: Adipogenesis is the process by

which new adipocytes are generated through

the proliferation and differentiation of adipose

progenitor cells (APCs). Previous reports sug-

gested that APCs exhibit a reduced capacity for

adipogenesis in aged humans or rodents in an

in vitro, two-dimensional (2D) culture setting.

In this work, we used in vivo lineage tracing

mouse models, 3D profiling of APC transplants

to monitor adipogenesis of APCs up to middle

age, and single-cell RNA sequencing to identify

distinct types of APCs generated during this

life stage. Functional assessments of these age-

specific APCs provide insights into how adipo-

genesis contributes to visceral adipose tissue

accumulationduringmiddle age andearly aging.

RESULTS: At 12 months old, male mice gained

body weight due to increased adipose tissue

mass, especially in the visceral site. By con-

trast, female mice only had moderate body

weight gain. Tracking adipogenesis in line-

age-tracing mouse models revealed that in

contrast to the low turnover rate of adipo-

cytes in young adults, more than 80% of adi-

pocytes were newly generated in the visceral

adipose tissue of 12-month-old male mice fed

a standard chow diet. Along with this mas-

sive adipogenesis, middle-aged mice developed

adipocytehypotrophy, visceral adiposity, reduced

energy expenditure, and insulin resistance. 3D

profiling of APC transplants quantitatively

showed that APCs in middle-aged mice had

a much higher adipogenic rate than those in

young mice, indicating that these APCs cell-

autonomously obtain higher adipogenic po-

tential. Single-cell RNA sequencing of APCs

then identified a new committed preadipocyte

population that is age enriched (CP-A), both in

mice and humans. CP-As displayed high pro-

liferation and differentiation capacities, both

in vitro and in vivo. The number of CP-As in

the visceral adipose tissue increasedwhenmice

were 9 months old, peaked when they were

12 months old, and then sharply declined

when they were 18 months old. Leukemia in-

hibitory factor receptor (LIFR) was identified

as a functional marker of CP-A. Pharmacolo-

gical inhibition and genetic manipulations in-

dicated that LIFR is indispensable for CP-A

adipogenesis. The inhibition of LIFR did not

affect the adipogenesis of young APCs, indicat-

ing that LIFR signaling is specifically required

for CP-As. Lastly, chronic treatment with a

LIFR inhibitor during early aging prevented

the expansion of visceral fat in mice.

CONCLUSION: Integrating in vivo lineage-tracing,

3D profiling of transplants, and single-cell RNA

sequencing, our work reveals that adipogenesis

of APCs contributes greatly to the visceral adi-

pose tissue expansion during middle age. The

discovery of CP-A as an age-specific APC pop-

ulation, along with the validation of its high

adipogenic capacity both in vitro and in vivo,

and the identification of LIFR signaling as a

CP-A–specific adipogenicmechanism enhance

our understanding of the early aging process

in fat tissue. A key finding from our work is

that despite the low turnover rate of adipocytes

in young adults, adipogenesis is unlocked dur-

ing middle age. The increase of adipogenic

capacity in APCs distinguishes these cells from

most other adult stem cells, which typically

exhibit a reduced capacity to proliferate and

differentiate with age. Moreover, as the en-

hancement of adipogenesis and emergence of

the CP-A population happens primarily in the

male visceral adipose tissue and only during

middle age and early aging, these events are

location, stage, and sex specific. Our findings

offer a fundamental understanding of thepatho-

physiology of age-related metabolic disorders,

which may have critical implications for pre-

venting and treating age-related diseases,

thereby promoting healthy aging.▪
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Adipogenesis contributes to age-related visceral adipose tissue accumulation. Male mice gain a

large amount of body weight during middle age owing to increased visceral adipose tissue mass. APCs in

young adult mice exhibit low adipogenesis activity unless stimulated by metabolic stresses. However,

adipogenesis in visceral adipose tissue becomes markedly active during middle age. APCs from middle-aged

mice display a cell-autonomous increase in adipogenic potential, generating a distinct committed

preadipocyte population that is age enriched (CP-A). CP-As possess high proliferation and differentiation

capabilities. LIFR serves as a functional marker that is essential for CP-A adipogenesis. ASC, adipocyte

stem cell. [Figure created with BioRender.com]
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BACTERIAL IMMUNITY

Base-modified nucleotides mediate
immune signaling in bacteria
Zhifeng Zeng†, Zeyu Hu†, Ruiliang Zhao†, Jikai Rao†, Mario Rodríguez Mestre, Yanqiu Liu,

Shunhang Liu, Hao Feng, Yu Chen, Huan He, Nuo Chen, Jinshui Zheng, Donghai Peng, Min Luo,

Qunxin She, Rafael Pinilla-Redondo*, Wenyuan Han*

INTRODUCTION: All living organisms must de-

fend themselves against viruses. To do so, they

rely on immune systems that detect infections

and activate defensive responses, often by pro-

ducing signaling molecules. Immune systems

across bacteria, animals, and plants use similar

immune signaling molecules, including cyclic

(oligo)nucleotides and adenine diphosphate ri-

bose (ADPR) variants. However, it remains unclear

whether other types of immune signals exist.

RATIONALE: To uncover bacterial antiphage sys-

tems, researchers often mine “defense islands,”

genomic regionswhere immune systems cluster.

By using this approach,we identified a previously

uncharacterized three-gene system providing

broad and robust antiphage protection. Inves-

tigating the underlying mechanisms revealed

an immune strategy wherein the system hijacks

a phage enzyme to produce a base-modified nu-

cleotide signal.Wenamed the systemKongming,

after a Chinese strategist known for using the

enemy’s resources against them.

RESULTS: Kongming encodes three proteins:

KomA, an adenosine deaminase; KomB, a modi-

fied HAM1-family purine pyrophosphatase; and

KomC, a SIR2-like enzymewith nicotinamide

adenine dinucleotide (oxidized form; NAD
+
)–

degrading activity. The system is activated by

phage deoxynucleotidemonophosphate kinases

(DNKs),which are introducedby infectingphages

to facilitate their own replication. However, in

the presence of Kongming, this phage enzyme

instead contributes to the production of de-

oxyinosine triphosphate (dITP), a base-modified

nucleotide that acts as an immune signal.

dITP binds to the KomBC complex, triggering

the rapid depletion of NAD
+
, a molecule essen-

tial for metabolism. This depletion halts cellular

activity, preventing phage replication and safe-

guarding the bacterial population by sacrificing

infected cells. Structural and biochemical analy-

ses indicate that KomB has lost its original en-

zymatic function andnow serves as a specialized

dITP sensor, enabling activation of KomC’s

NAD
+
-degrading activity.

Kongming generates dITP through two dis-

tinct pathways, both requiring collaboration be-

tween KomA and phage DNKs. This dual-route

synthesis suggests that Kongming has evolved

to counter diverse phage replication strategies.

In response, some phages have developed a

counter-defense enzyme, deoxyribonucleoside

5′-monophosphatase,whichdepletesdeoxyaden-

osine monophosphate (dAMP), the precursor

needed for dITP production, effectively inhibit-

ing immune activation. This ongoing molecular

arms race highlights the coevolution of bacterial

defenses and phage countermeasures.

Comparative genomic analysis indicates that

Kongming has evolved through modular rear-

rangements, with KomB and KomC consistently

found together across bacterial species, where-

as their associationwith KomA ismore variable.

This suggests the existence of an unexplored

diversity of this immune strategy in which

Kongming has diversified to combat different

viral threats.

CONCLUSION: This study expands the known

repertoire of immune signaling by introducing

a nucleobase-modifiednucleotide as an immune

messenger. Unlike other immune pathways,

which generate signalingmolecules relying on

their own enzymatic activities, Kongming hi-

jacks a phage enzyme to complete its immune

response, illustrating an unexpected strategy

in host-virus interactions. These findings deep-

en our understanding of bacterial immunity

and the molecular battle between bacteria

and their viruses.▪
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AVIAN INFLUENZA

Emergence and interstate spread of highly
pathogenic avian influenza A(H5N1) in dairy cattle
in the United States
Thao-Quyen Nguyen†, Carl R. Hutter†, Alexey Markin, Megan Thomas, Kristina Lantz, Mary Lea Killian,

Garrett M. Janzen, Sriram Vijendran, Sanket Wagle, Blake Inderski, Drew R. Magstadt, Ganwu Li,

Diego G. Diel, Elisha Anna Frye, Kiril M. Dimitrov, Amy K. Swinford, Alexis C. Thompson, Kevin R. Snekvik,

David L. Suarez, Steven M. Lakin, Stacey Schwabenlander, Sara C. Ahola, Kammy R. Johnson,

Amy L. Baker, Suelee Robbe-Austerman*, Mia Kim Torchetti*, Tavis K. Anderson*

INTRODUCTION: Highly pathogenic avian influ-

enza (HPAI) viruses have critical consequences

for animal health and the agricultural economy—

and may have pandemic potential. HPAI related

to the goose/Guangdong 2.3.4.4 hemagglutinin

(HA) H5NX phylogenetic clade has spread to

nearly 100 countries, and it is recognized as a

panzootic. HPAI virus circulation is ongoing in

North America, and after a trans-Atlantic incur-

sion in late 2021, the HPAI H5N1 clade 2.3.4.4b

virus caused widespread outbreaks. The out-

breaks resulted in extensive mortality events,

culling of poultry when detected in agricultural

systems, and interspecies transmission events

into mammals. It is critical to determine how

HPAI clade 2.3.4.4b evolves in wild birds and in

nonhumanmammals after spillover to assess the

potential for human infection and transmission.

RATIONALE: In late January 2024, veterinarians

observed dairy cattle displaying decreased feed

intake and changes in milk quality and produc-

tion.On25March2024,HPAIH5N1clade2.3.4.4b

was confirmed in dairy cattle in Texas. Shortly

thereafter, the virus was identified in cattle in

eight other United States (US) states by mem-

bers of the National Animal Health Labora-

tory Network. The goal of this study was to

analyze genetic sequence data collected after

the introduction of HPAIH5N1 in late 2021 into

the Atlantic flyway of North America and its

onward circulation and reassortment with North

American wild bird–origin low-pathogenicity

viruses. These data were combined with whole-

genome sequence data and epidemiological in-

formation from theHPAIH5N1 outbreak among

US dairy cattle to help us understand when the

interspecies transmission event to cattle oc-

curred and the consequences of animal move-

ment for virus spread.

RESULTS: H5N1 clade 2.3.4.4b genotype B3.13

influenza A virus was confirmed in milk with

limited detections in nasal swabs. The initial

outbreak included samples from 26 dairy cat-

tle premises across eight states and six poultry

premises in three states. The sequences iso-

lated from cattle clustered within a single group

in phylogenetic analyses, supporting a single

spillover event in late 2023. A reassortment event

preceded the spillover, and after introduction,

the virus persisted in cattle with evidence for

transmission from cattle into poultry and peri-

domestic animal species. Epidemiological records

and phylodynamicmodeling documented that

the movement of asymptomatic or presymp-

tomatic dairy cattle resulted in the dissemina-

tion of the virus across the US. We identified

low-frequency within-host sequence variants

across the genome that were associated with

changes in virulence, host-range specificity,

and mammalian adaptation.

CONCLUSION: A single wild bird-to-cattle trans-

mission event of HPAI H5N1 clade 2.3.4.4b oc-

curred in late 2023. The spillover was likely

preceded by a reassortment event in wild bird

populations followed by the movement of cat-

tle that spreadHPAI within the US dairy herd.

Molecular markers that may lead to changes

in transmission efficiency and phenotypewere

detected at low frequencies. Continued trans-

mission of H5N1 HPAI within dairy cattle

increases the risk for infection and subsequent

spread of the virus to humans and other host

populations.▪
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The emergence and spread of highly pathogenic avian influenza virus H5N1 clade 2.3.4.4b in dairy cattle in the US. Highly pathogenic avian influenza (HPAI)

H5N1 was detected in North America in late 2021, and epidemiological information and genomic analysis demonstrated a single spillover into dairy cattle by a

reassorted HPAI H5N1 genotype B3.13 virus. The virus disseminated across the US through the movement of asymptomatic or presymptomatic animals and was

subsequently reintroduced from dairy cattle back into other host species.
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QUANTUM SIMULATION

Observation of generalized t-J spin dynamics
with tunable dipolar interactions
Annette N. Carroll1*, Henrik Hirzler1†, Calder Miller1, David Wellnitz1, Sean R. Muleady1,2, Junyu Lin1,

Krzysztof P. Zamarski1,3, Reuben R. W. Wang1‡§, John L. Bohn1, Ana Maria Rey1, Jun Ye1*

Long-range and anisotropic dipolar interactions profoundly modify the dynamics of particles hopping

in a periodic lattice potential. We report the realization of a generalized t-J model with dipolar

interactions using a system of ultracold fermionic molecules with spin encoded in the two lowest

rotational states. We independently tuned the dipolar Ising and spin-exchange couplings and

the molecular motion and studied their interplay on coherent spin dynamics. Using Ramsey

spectroscopy, we observed and modeled interaction-driven contrast decay that depends strongly

both on the strength of the anisotropy between Ising and spin-exchange couplings and on motion.

This study paves the way for future exploration of kinetic spin dynamics and quantum magnetism

with highly tunable molecular platforms in regimes that are challenging for existing numerical and

analytical methods.

T
he t-Jmodel, which arises from themore

general Fermi-Hubbardmodel in the limit

of large onsite interactionsU, fundamen-

tally describes a competition between

motion via tunneling between lattice sites,

t, and spin interactions, J, caused by super-

exchange through virtual tunneling of par-

ticles in adjacent lattice sites. The model has

long been proposed to explain unconventional

phases, including high-temperature super-

conductivity (1–3). Ultracold atoms with con-

tact interactions have recently emerged as a

controllable system to study the behavior of

this model, but the J ∼ t
2
/U scaling of super-

exchange has limited the range of accessible

phases to J ≪ t and imposes stringent low tem-

perature requirements to observe interaction-

induced phase transitions (4–6).

Adding long-range anisotropic dipolar inter-

actions, where J can be tuned independently

of t, softens the low-temperature constraints

on phase transitions and generates a general-

ized t-J model that is predicted to produce

exotic phases, including an enhanced super-

fluid state (7, 8). Magnetic atoms provide

access to dipolar interactions that, while rela-

tively weak, have recently produced a variety

of quantum phase transitions (9, 10) and out-

of-equilibrium spin dynamics in optical latti-

ces (11–15). Ultracold polar molecules offer the

advantage of stronger, tunable dipolar inter-

actions (16–21). With electric field (E)–tunable

interactions between pseudo-spins encoded in

rotational states, effective spin and spin-motion

models can be implemented with high con-

trollability (22) if two-body loss is suppressed

by either strong confinement into lower di-

mensions (23) or collisional shielding with

microwaves (24–30) or static electric fields

(31–35). The extended lifetime of these itiner-

ant molecules enables the combination of mo-

tion and strong dipolar interactions to study

exotic spin-motion phenomena. Here, we re-

port the realization of a generalized t-J model

using ultracold dipolar molecules and the

exploration of the system’s out-of-equilibrium

dynamics with independent control over both

the motion and the interaction anisotropy c =

JZ − J⊥ between spin-exchange (J⊥) and Ising

(JZ) couplings in an XXZ spin model.

Dipolar interactions between molecules in

optical lattices

We prepared degenerate gases of
40
K and

87
Rb

in a crossed optical dipole trap and loaded

these atoms into the ground band of a three-

dimensional (3D) lattice with spacing ay =

540 nm in the vertical direction and ax = az =

532 nm in the horizontal directions. The atoms

were then converted to fermionic KRb mole-

cules (36) in their rovibrational ground state

0j i, where Nj i is the rotational state with

E-dressed quantum numberN and projection

mN = 0 onto the quantization axis set by E.

The highest observed averagemolecular filling

fraction was about 13%. For the spin measure-

ments throughout this work, we used the two

lowest rotational states of themolecule 0j iand
1j i as our spin-1/2 manifold, referred to as ↓j i
and ↑j i, respectively.
Heteronuclear molecules intrinsically have

field-tunable dipolar interactions. The rota-

tional states have induced dipole moments

d↓ ¼ ↓ dyj j↓h iandd↑ ¼ ↑ dyj j↑h iand transition
dipole moment d↓↑ ¼ ↓ dyj j↑h i, where dy is the
dipole operator along ŷ , the quantization axis

set byE. These dipolemoments depend on Ej j,
with d↓≈ d↑ ≈ 0 at Ej j ≈ 0 and d↓

�

�

�

�; d↑
�

�

�

� > 0 at

Ej j > 0, as other rotational states get mixed

into the field-dressed state Nj i. The dipolar

interactions and the motional confinement

provided by optical lattices are illustrated in

Fig. 1, A and B.

Dipolar interactions are described by

Ĥ int ¼ h∫d3
r∫d3

r ′
1� 3cos2 qð Þ½ �a3x

2 r � r ′j j3
�

J⊥

2
ŝ
þ
rð Þŝ� r ′ð Þ þ ŝ

þ
r′ð Þŝ� rð Þ

� �

þ JZ ŝ
Z
rð ÞŝZ r ′ð Þ þ

V n̂ rð Þn̂ r′ð Þ þW n̂ rð ÞŝZ r′ð Þ þ ŝ
Z
rð Þn̂ r′ð Þ

h i

8

<

:

9

=

;

ð1Þ

where ŷs rð Þ is the fermionic field opera-

tor at position r with spin s (7, 8, 36),

n̂ rð Þ ¼
X

s
ŷ†
s rð Þŷs rð Þ is the density, ŝZ rð Þ ¼

ŷ†

↑ rð Þŷ↑ rð Þ � ŷ↓
†
rð Þŷ↓ rð Þ

h i

=2 is the local mag-

netization, and ŝ
þ
rð Þ ¼ ŷ↑

†
rð Þŷ↓ rð Þ ŝ

�
rð Þ ¼ð

ŝ
þ
rð Þ

� �†
Þ raises (lowers) the spin. q is the angle

between E and r − r′. hJ⊥ ¼ 2d2
↓↑= 4pD0a

3
x

� �

is

the spin-exchange interaction,hJZ ¼ d↓ � d↑
� �2

=

4pD0a
3
x

� �

is the Ising interaction arising from

differential dipole moments of the two states,

hV ¼ d↓ þ d↑
� �2

= 16pD0a
3
x

� �

is the density-

density interaction due to average dipole

moments, and hW ¼ d2
↑ � d2

↓

� �

= 8pD0a
3
x

� �

is

the residual spin-density interaction aris-

ing from the cross-term of differential and

average dipole moments. The relationship

between dipole moments and J⊥, JZ , V, and

W is illustrated in Fig. 1C. The full Hamil-

tonian is Ĥ ¼ Ĥ sp þ Ĥ int (36), where Ĥ sp ¼

∫d3
r

X

s
ŷ†

s rð ÞH0ŷs rð Þ and H0 ¼ � ℏ2

2m
∇2 þ

X

a¼x;y;z
VL;asin

2 pra

aa

� �

describe the kinetic and

lattice potential energies, respectively (for

simplicity, we neglect an external confin-

ing potential). Here, ℏ ¼ h=2p is the reduced

Planck constant, m is the mass of
40
K
87
Rb,

and VL,a is lattice depth in the a ∈ (x, y, z)

direction.

In a deep 3D optical lattice, molecules can-

notmove, and theHamiltonian becomes a spin

model of frozen dipoles. In contrast, in the

absence of horizontal lattices (VL,x = VL,z = 0),

molecules are fully itinerant, so the Hamil-

tonian describes quasi-2D dipolar collisions
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where themotion is confined to two dimensions,

but the interaction potential remains 3D (37).

Between these two extremes, bothmotion and

interactions become discretized on a lattice, and

the full Hamiltonian reduces to a generalized t-J

Hamiltonian, the t-J-V-Wmodel (7, 8)

Ĥ tJVW ¼ �h
X

i;jh i;s

tij ĉ
†

isĉjs þ h:c:
h i

þ

h
X

i≠j

Vij

2
J⊥ ŝ i � ŝ jð Þ þ c ŝ

Z
i ŝj

Z
� �

þ V n̂in̂j þ
h

W n̂i ŝj
Z þ n̂j ŝi

Z
� �i

þ hU
X

i

n̂i↓n̂i↑ ð2Þ

where ĉis
† is the fermionic creation operator

at lattice site i for spin s, and we have n̂is ¼
ĉis
†ĉis , total site occupation n̂i ¼

X

s
n̂is,

and magnetization ŝi
Z ¼ ĉ

†

i↑ĉi↑ � ĉi↓
†ĉi↓

� �

=2.

tij characterizes the hopping rate of molecules

between neighboring sites i and j, denoted i; jh i.
Vij captures the geometric 1� 3 cos2qð Þa3x=r

3

component of the interactions. Strong kilohertz-

scale on-site interaction U, rapid on-site two-

body loss, and low filling fractions prohibit double

occupancy of lattice sites and suppress superex-

change interactions. The spin interaction an-

isotropy c parameterizes rich spin dynamics that

were previously studied at the mean field level

(22) and produces one-axis twisting that can be

used to generate entangled states (38, 39). The

E-tunability of the interactions for molecules

on neighboring lattice sites in the x̂�ẑ plane is

shown in Fig. 1D. We note that V is spin inde-

pendent and small compared with spin-spin

interactions and thus not expected to apprecia-

bly affect the spin dynamics observed here (36).

Coherent spin dynamics probed with

Ramsey spectroscopy

To explore the out-of-equilibrium coherent dy-

namics of themolecules in different interaction

regimes and geometries of the generalized

t-J model, we measured the Ramsey contrast

decay (Fig. 2A). First, an applied microwave

pulse prepared an equal superposition of the

↓j iand ↑j i states. In a Bloch sphere picture, the

collective Bloch vector was prepared along

X̂ with maximal length Nmol/2 for total mol-

ecule numberNmol. The systemwas allowed to

evolve for a variable time T before a micro-

wave pulse of area p/2 about variable axis

R̂ ¼ cosϕX̂ þ sinϕŶ was applied. The num-

ber of molecules in each spin state was then

measured (36). By repeating themeasurement

several times while varying the phase ϕ of the

second pulse and taking the standard deviation

of the fraction in the excited state, the contrast,

or the equatorial length of the Bloch vector,

C ¼ 2
Nmol

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

i
ŝX
i

D E2

þ
X

i
ŝY
i

D E2
r

atwait time

T was extracted (36). Because
X

i
ŝZ
i

D E

¼ 0 is

conserved during the dynamics, C describes

the magnetization of the sample. During T, a

KDD pulse sequence (40) suppresses single-

particle dephasing by frequently swapping

the populations in the ↓j i and ↑j i states (36).
Dynamical decoupling also removes the W

term in the t-J-V-W Hamiltonian. The con-

trast evolution was then fit to a stretched ex-

ponential via C Tð Þ ¼ e� GTð Þn , where G is the

dephasing rate and n is the stretching param-

eter. We observed n < 1 for all parameters

analyzed in this work, describing subexponen-

tial decay, possibly associated with glassy dy-

namics (41) and number loss (36).

Fig. 1. Field-tunable dipolar

interactions between lattice-

confined molecules. (A) Mole-

cules sparsely occupy a deep 3D

optical lattice. Sites are shaded

white if unoccupied, pink pat-

terned if in the ↑j i state, and solid

orange if in the ↓j i state. Molecules

interact through induced dipole

moments and transition dipole

moments represented by

squiggly lines between lattice

sites. (B) Lowering the lattice

depth in the horizontal directions

allows tunneling between sites

within layers, represented by

the black arrows tx and tz. For

most of our experiments, tx = tz.

(C) Molecular interactions arising

from dipole moments can be

rewritten in terms of J⊥, JZ, V, and

W, the spin-exchange, Ising, density-

density, and spin-density interac-

tions, respectively, which are used

in a spin-basis Hamiltonian. The

interactions set by d2↓, d
2
↑, d↑d↓,

and d2↓↑, and their associated

Hamiltonian terms, are drawn

schematically from top to bottom.

The two lowest rotational states of

the molecules, ↓j i and ↑j i, are split by microwave frequencies w (red arrow between spin levels in the top row) between 2.2 GHz and 4.2 GHz, depending on

electric field strength (|E|). (D) Calculated dipolar interaction strengths for KRb molecules separated by 532 nm perpendicular to the dipole orientations as a function

of |E|. Purple represents the spin-exchange interaction J⊥ arising from the transition dipole moment between a ↓j i molecule and a ↑j imolecule, which decreases with

increasing electric field magnitude. Gold represents the Ising interaction JZ from induced dipole moments, which increases with increasing field strength. Green

represents the interaction-type anisotropy c = JZ − J⊥, which crosses zero at around 6.5 kV/cm. Hyperfine structure of the molecules produces interaction strengths

that change drastically with small changes in |E| for small electric fields of <1 kV/cm.
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To examine the effect of field-tunable inter-

actions on spin coherence, we first froze the

motional degree of freedom by confining the

molecules in a deep 3D optical lattice (tij ≈ 0 in

all directions). At zero electric field, d↓ ≈ d↑≈ 0,

molecules interact predominately through spin

exchange, realizing theXYmodel ĤXY ¼ h
X

i≠j
Vij

2
J⊥ ŝXi ŝj

X þ ŝi
Y ŝj

Y
� �

. The coherent spin dy-

namics in this regime at low fillings have been

studied (16, 17,42), revealingdensity-dependent

Ramsey contrast decay from long-range in-

teractions, with periodic revivals in contrast

arising from spin exchange between nearest

neighbors. Turning on static E to add Ising

interactions realizes the XXZ model ĤXXZ ¼

h
X

i≠j

Vij

2
J⊥ ŝ i � ŝ jð Þ þ c ŝZi ŝj

Z
� �h i

. Previous

works have studied the coherent dynamics of

this model in the presence of strong disorder

using Floquet engineering on platforms such as

nitrogen-vacancy centers in diamond (43) and

Rydberg atoms (44). In this study, we utilized

polar molecules to probe these lattice spin mod-

els beyond thepure spin-exchange regime.At the

Heisenberg point (c = 0 at |E| = 6.5 kV/cm), the

Hamiltonian reduces to the isotropicXXXmodel

ĤXXX ¼ h
X

i≠j

Vij

2
J⊥ ŝ i � ŝ jð Þ , where the inter-

actions are independent of spin orientation,

making all points on the collectiveBloch sphere

eigenstates of the Hamiltonian. As such, there

should be no interaction-induced dephasing.

Figure 2B shows contrast decay traces and

fits to stretched exponentials for average 2D

densities of roughly 1.5 × 10
7
cm

−2
at two dif-

ferent values of Ewhere c = 0 (blue circles) and

c = 102Hz (orange squares, |E| = 12.72 kV/cm).

We observed an order of magnitude slower

contrast decay at the Heisenberg point than at

c = 102 Hz.

If interactions limit the coherence time,

higher densities should lead to faster contrast

decay. To extract the effect of many-body pro-

cesses, the contrast decay measurement was

repeated for different initial average 2D den-

sities n (36). The contrast decay rates for each

n were fit to a linear function G(n) = kn + G0,

where G0 is the single-particle dephasing rate

after dynamical decoupling and k is themany-

body dephasing rate. This density-normalization

procedure is shown in Fig. 2C for c = 0 (blue

circles) and c = 102 Hz (orange squares). Prom-

inently, in the c = 0 case, we measured k =

0.07(7) × 10
−6
cm

2
s
−1
, consistentwith nodensity-

dependent contrast decay, as expected in the

XXXmodel with a single-body dephasing rate,

determined from the linear slope offset, of G0 =

4.3(7) s
−1
. By contrast, for c = 102 Hz, we ob-

served contrast decay rates that depend strong-

ly on density, with k = 2.6(4) × 10
−6

cm
2
s
−1
and

G0 = 6(3) s
−1
.

Interaction-limited decoherence dynamics

Repeating the measurement at several values

of |E| in the pinned configuration, we ob-

served a roughly linear dependence of k on

|c|, with a slight dependence on the sign of

c (Fig. 3A). k depends approximately linearly

on |c| because dephasing in our lattice origin-

ates from couplings with strength propor-

tional to c within local clusters of molecules.

We attribute the observed slower decay in

Fig. 2. Dynamical mag-

netization of interacting

pinned molecules.

(A) Ramsey spectroscopy

is used to measure the

dynamical magnetization

of the molecules. The top

row shows the orientation

of the collective spin in

the Bloch sphere repre-

sentation, and the middle

and bottom rows show

the pulse sequence. A p/2

pulse about the Ŷ axis

prepares the molecules in

a coherent superposition of

1=
ffiffiffi

2
p

↓j i þ ↑j ið Þ. A KDD

pulse sequence (shown as

the bottom row) removes

single-particle dephasing

and is repeated a variable

number of times Nrep to

extend the total interroga-

tion time to T. A final p/2

pulse about variable axis

R̂ reads out the projection

of the Bloch vector

orthogonal to R̂. By

repeating the measure-

ments varying R̂, the

equatorial length of the

Bloch vector, which is

the Ramsey contrast (dynamical magnetization) C, at time T is extracted. (B) Measured contrast decay C(T) for c = 0 (blue circles) and c = 102 Hz (orange squares)

for initial 2D average densities (n) of roughly 1.5 × 107 cm−2 of molecules confined in a deep 3D optical lattice. Solid lines are stretched exponential fits to the

experimental data. Error bars are 1 SD from bootstrapping (36). (C) Extracted Ramsey contrast decay rates versus initial density for c = 0 (blue circles) and c = 102 Hz

(orange squares). Solid lines are linear fits to the data whose slopes measure density-dependent decoherence rate k. Error bars are 1 SE from fits (stretched

exponential fit for contrast decay rates, one-body loss for densities).
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the J⊥-dominated (c < 0) regime to periodic

self-rephasing from spin exchange within local

clusters that is suppressed in the JZ-dominated

(c > 0) regime (36). We also modeled the con-

trast dynamics using a moving-average cluster

expansion (MACE) (36, 42). In this approx-

imation, the dynamics for a givenmolecule are

solved exactly in the presence of its M most

strongly coupled neighbors. The global contrast

dynamics are then obtained by averaging these

“cluster” dynamics for every molecule in the sys-

tem,with reasonable convergencebeingobtained

for clusters as small asM = 6. This convergence

for a small particle number is an indicator of the

local nature of the spin dynamics under ani-

sotropic dipolar interactions in three dimen-

sions, whereas the spin dynamics for isotropic

interactions can depend collectively on all par-

ticles in the system in certain geometries (45–47).

The results of theMACE simulation (Fig. 3A, gray

trace) show excellent agreement between the-

ory and experiment and confirm that pinned

dipolar spin dynamics are well described by

the XXZ model.

Next, we observed modifications to the

many-body dephasing rates from collisions of

fully itinerant molecules. To probe the inter-

play of motion with spin-dependent dipolar

interactions, we confined the molecules to

2D layers formed by a vertical lattice of 65Er

depth, where Er ≈ h × 1.4 kHz is the photon

recoil energy for KRb. In these experiments,

without any horizontal lattice potential (VL,x =

VL,z = 0), radial harmonic confinement was

provided predominantly by a crossed optical

dipole trap, which was also maintained for

all other experiments. We then extracted the

density-normalized dephasing rate k as a func-

tion of c, as in the pinned molecule case (Fig.

3B, green squares). In prior work (22), the

short-time mean-field dynamics were well de-

scribed by an XXZ spin model with spins

pinned in a harmonic oscillator mode space

lattice (36). At longer times relevant for the

current measurements, the thermal occupation

of our sample enabled molecules to delocalize

in mode space caused by mode-changing col-

lisions, invalidating the pinned mode pic-

ture. Although collisional decoherence was

previously observed in ultracold molecules (22),

the dependence on dipolar interactions was

not completely understood, and modeling di-

polar collisional dephasing of coherent super-

positions has been challenging.

We systematically measured that k depends

more strongly on |c| than in the pinned case,

and we present a scattering approach to study

the VL,x = VL,z = 0 limit of the molecular

Hamiltonian to explain our observations. We

adopted two methods of theoretical analysis

(36): collisional Monte Carlo simulations and

a simplified analytic model. Data obtained

from Monte Carlo simulations (Fig. 3B, gray

trace) show agreement with the experimental

data, apart from experimentally measured

negative values of k. We attribute these nega-

tive values to the preferential two-body loss of

decohered molecules (36). The agreement be-

tween theory and experiment suggests that our

theoretical model captures the relevant phys-

ics from collisional dephasing of molecular

superpositions.

The simplified analytic model provides a

more intuitive understanding of the observed

stronger, approximately cubic dependence of k

on |c|. With the molecular spins initially pre-

pared in the state Xj i ¼ ↑↑j i þ ↓↓j i þ ↑↓j i þð
↓↑j iÞ=2, their first collision would only involve

states in the symmetric spin sector: ↓↓j i ,
↑↓j i þ ↓↑j ið Þ=

ffiffiffi

2
p

, and ↑↑j i, which each accrue

a scattering phase shift. Collisions in this sec-

tor are predominantly elastic, as Fermi statis-

tics suppresses close contact of the molecules,

implying that long-ranged dipolar interactions

dominate these phase shifts. We therefore ex-

pect that completed collisions are slow com-

pared with the dynamical decoupling pulses

that rapidly flip molecules between ↓j i and ↑j i.
The result is that the aligned ↕ð Þ ↓↓j i and ↑↑j i
spin states will both incur the same scattering

phase shift d↕ proportional to dipole length

(48):a
↕
D
ºd2

↓ þ d2
↑ºV þ J⊥

4
þ c

4
. The remaining

anti-aligned triplet state (↔) will, in general,

develop a different phase shift d↔ propor-

tional to the dipole length a↔
D
ºd2

↓↑ þ d↓d↑º

V þ J⊥
4
� c

4
. Each single collision thus causes

the scattered molecules to decohere, with a

change in contrastDC ¼ 2sin2 d↔ � d↕
� �

ºc2

for small d↔ � d↕ºc (see inset of Fig. 3B for

schematic). The total dephasing rate is approx-

imated by the product of the change in contrast

for each collision and the elastic collision rate:

Fig. 3. Field-tunable density-

dependent decoherence rates.

(A) Density-normalized contrast

decay rates k for pinned molecules

tuned with interaction anisotropy c.

Blue circles are experimental data

extracted from slopes in Fig. 2C.

Error bars are 1 SE from linear fits.

Gray line is a MACE simulation (36)

with the same density-normalization

procedure as experimental data

with no scaling. (Inset) 3D lattice

with fully pinned molecules, with

white circles representing unoccupied

sites and red circles denoting sites

occupied by a molecule initially in

1=
ffiffiffi

2
p

↓j i þ ↑j ið Þ. (B) As in (A), but

for molecules confined to 2D layers

without horizontal corrugation.

Green squares are experimental

data. Error bars are 1 SE from linear

fits. Gray shaded band is from

Monte Carlo coherent collision sim-

ulations with no scaling (36), with

the band halfwidth representing 1 SE of linear fit. (Inset) 2D geometry of the system, with molecules (red circles) free to move within 2D layers. In the bottom 2D layer,

collisional dephasing occurs when a collision leads to a relative phase shift d ¼ d↔ � d↕, making the molecules no longer identical after the collision, illustrated as one

molecule becoming pink and the other turning orange.
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kºDCbel . For 2D motion, ultracold identical

spin-polarized fermionicmolecules scatter elas-

tically at a rate proportional to their threshold

cross sections ≈ 8pka2
D
, where k is the relative

momentum of the colliding pair (23, 37, 48).

Molecules in superpositions should also elas-

tically scatter frombothalignedandanti-aligned

channels, so that bel ¼ b↕ þ b↔
� �

=2 ¼ 4pℏk2

�

a
↕
D

�2
þ a↔

D

� �2
h i

=m , where m is the reduced

mass of the pair. Evaluating the product for k

captures the dominant kº cj j3 scaling seen

to arise in the Monte Carlo simulations (36).

Notably, we find that this scaling is sensitive to

the trap frequency of the tight confining axis

and is thus relevant to our current experiment

but not universal.

Spin dynamics of the generalized t-J model

We next explored the more complex general-

ized t-J model regime by tuning tunneling

within 2D layers. Experimentally, we studied

the effect of motion on contrast by measuring

k of molecules confined in a deep vertical lat-

tice with variable corrugation in the x̂ and ẑ

directions, for different values of c. The mea-

sured values of k as a function of tunneling

rate t in both the x̂ and ẑ directions are

plotted in Fig. 4A, with black circles, blue

squares, and orange triangles representing

c = −205, 0, and 102Hz (J⊥= 211, 133, and 75Hz),

respectively. For c = 0 Hz, we observed no

density-dependent contrast decay (that is, k

was consistent with 0) over the entire range

of t explored, as intuitively expected at the

Heisenberg point. For c = 102 Hz, we saw a

smooth transition between the two motional

extremes, with k gradually decreasing for in-

creasing t. For c = −205 Hz, we observed

stronger decoherence in general, with a peak

in decoherence rate around t = 70 Hz. Simi-

lar to the fully itinerant case, and as a result

of the nonlinear dependence of collisional de-

phasing on |c|, it is not surprising that the

behavior for c = −205 Hz can be qualitatively

different than for c = 102 Hz.

To understand the observed peak when c =

−205 Hz, we first examined the rise in k as the

lattice depth was reduced from the pinned mol-

ecule case. Intuitively, increasing tunneling will

couple the internal and external degrees of

freedom of themolecules, leading to increased

dephasing. This mechanism is well captured by

simulations with an extended MACE (EMACE)

(36), which adds molecular motion to the stan-

dardMACEand is shownas a light gray (orange)

band for c = −205 Hz (c = 102 Hz) in Fig. 4A.

We next examined the enhanced contrast

decay as the lattice depth was increased from

zero. From a band structure perspective, in-

creasing the lattice depth shrinks the width

of each motional band, increasing its den-

sity of states and allowing more channels for

mode-changing collisions, generally leading

to faster spin decoherence (36) (Fig. 4B). From

a scattering perspective, in the lattice, molecules

Fig. 4. Tuning coherent t-J

dynamics. (A) Density-

dependent contrast decay rates

k versus tunneling rate t in two

directions. Black circles, blue

squares, and orange triangles

represent experimental data for

c = −205, 0, and 102 Hz,

respectively. Horizontal axis

break occurs when transverse

lattices are turned off (case of

Fig. 3B). Error bars are 1 SE

from linear fits. Light gray

(orange) bands are EMACE

simulations (36) for c = −205 Hz

(c = 102 Hz) with no scaling,

with the band halfwidth repre-

senting 1 SE of linear fit. Black

(orange) solid lines shown for

t > 50 Hz are two-body simu-

lations (36) with a rescaling by

0.75 for c = −205 Hz (c =

102 Hz). (B) (Top row) Kinetic

energy of two particles in a

3Er lattice as a function of relative

quasi-momentum q. (Bottom

row) Kinetic energy in the

absence of a lattice where q = k.

Shaded orange regions show the

range of momentum states

within a given energy interval,

showing the increased density of

states in a shallow lattice com-

pared with the no-lattice case.

(C) As in (A), but for tunneling only in one direction. (D) 3D rendering of the single-molecule potential energy Upot in the x̂ and ẑ directions arising from a weak 2D

optical lattice and a crossed optical dipole trap. Colors indicate equipotential surfaces. Because of the site-to-site energy shift, molecular tunneling along the radial

directions is suppressed, and tunneling instead occurs along azimuthal rings. (E) Schematic of the localization of molecules within a potential landscape Upot produced by

a weak 1D optical lattice in the x̂ direction and a crossed optical dipole trap [equivalently, by taking a 1D slice of the 2D lattice potential shown in (D)] because of site-to-site

energy shifts, when the motion is also frozen in the other two directions by deep optical lattices.
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move slower because of larger effective mass

(49), increasing the phase shifts accrued in

each collision, enhancing contrast decay. In ad-

dition, molecular losses from inelastic colli-

sions increase as the lattice depth is reduced

(36), and the losses are largest for molecules

that have already decohered, suppressing

contrast decay in the remaining sample (36).

While the EMACE simulation qualitatively

captures the peak structure, quantitative dif-

ferences arise owing to neglected molecular

loss and limited cluster sizes. To further un-

derstand the role of mode-changing colli-

sions and molecular loss in shallow lattices, a

two-body simulation based on Hamiltonian

trotterization (36) is included for t > 50 Hz as

a black (orange) solid line for c = −205 Hz (c =

102 Hz) in Fig. 4A, which agrees well with

the experimental data with an empirical re-

scaling of 0.75.

Finally, we studied the role of motional di-

mensionality on the spin dynamics by mea-

suring the dependence of k on t for molecules

allowed to tunnel in only one direction (Fig. 4C).

Whereas the c = 0 Hz and c = 102 Hz dy-

namics are almost identical to the 2D case, the

peak in contrast decay around t ≈ 70Hz for c =

−205 Hz disappears when the kinetic dimen-

sions are reduced from two to one. In one

dimension, we instead only observed a rise in

k at very shallow lattices (t ≳ 200 Hz). We

attribute the different c = −205 Hz dynamics

in the 1D case to the interplay of the confining

harmonic trap with the lattice. For tunneling

in only one direction, the combined potential

leads to quasi-localization of the molecules

owing to potential energy differences between

neighboring lattice sites (50, 51), schematically

shown in Fig. 4E. In the 1D configuration, most

of the molecules are localized along all three

axes of motion (36), leading to dynamics qual-

itatively similar to the motionless case as the

lattice depth is lowered. In contrast, for the 2D

case, the additional tunneling dimension allows

these particles to delocalize within a quasi-1D

azimuthal ring (Fig. 4D).

An EMACE simulation [gray (orange) band

for c = −205 Hz (c = 102 Hz)] in Fig. 4C shows

favorable agreement with experimental values

of k as t is varied in one direction. Note that

the number of available tunneling sites is

smaller in one dimension than in two, enabl-

ing more-controlled EMACE simulations for

shallow lattices in the 1D case than in the 2D

case (36). As shown in both the experimental

data and EMACE simulations, the 1D dynam-

ics remain relatively flat between the pinned

and fully itinerant cases, consistent with the

quasi-localizationpicture.Weattribute the slight

disagreement between theory and experiment

at very shallow lattices (t ≳ 200 Hz) for c =

102Hz tomolecular loss not included inEMACE

and to the breakdown of the single-band tight-

binding model.

Discussion and outlook

Here, we present a systematic study of the out-

of-equilibrium dynamics of a generalized t-J

system of interacting polar molecules. By in-

creasing molecular filling fractions and using

single-site detection (6, 17) or spectroscopic

signatures (52, 53), it should be possible to

study equilibrium states of these dipolar Ham-

iltonians. Using similar experimental techni-

ques, a future out-of-equilibrium investigation

could probe spin diffusion in lattice-confined

polar molecules, potentially observing many-

body localized states (54). Additionally, with

an isolated single layer (18) and improved de-

tection, the generalized t-J model is predicted

to dynamically generate highly entangled

spin-squeezed states with applications to pre-

cision measurement (38, 39). Recently, we

demonstrated Floquet engineering of XYZ

spin models, including a two-axis twisting

Hamiltonian (55), which could enable more-

scalable spin squeezing than that produced

with native XXZ models. Ultracold molecules,

whose dipolar interactions can be tuned in-

dependently of motion, have thus emerged as

a versatile platform to study a broad range of

itinerant spin problems inmany-body physics.
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CRISPR

RNA-mediated CRISPR-Cas13 inhibition
through crRNA structural mimicry

Victoria M. Hayes1†, Jun-Tao Zhang2†, Mark A. Katz1, Yuelong Li2, Benjamin Kocsis1,

David M. Brinkley1, Ning Jia2,3*, Alexander J. Meeske1*

To circumvent CRISPR-Cas immunity, phages express anti-CRISPR factors that inhibit the expression or

activities of Cas proteins. Whereas most anti-CRISPRs described to date are proteins, recently described

small RNAs called RNA anti-CRISPRs (rAcrs) have sequence homology to CRISPR RNAs (crRNAs) and

displace them from cognate Cas nucleases. In this work, we report the discovery of rAcrVIA1—a plasmid-

encoded small RNA that inhibits the RNA-targeting CRISPR-Cas13 system in its natural host, Listeria

seeligeri. We solved the cryo–electron microscopy structure of the Cas13-rAcr complex, which revealed

that rAcrVIA1 adopts a fold nearly identical to crRNA despite sharing negligible sequence similarity.

Collectively, our findings expand the diversity of rAcrs and reveal an example of immune antagonism

through RNA structural mimicry.

B
acteriophage and foreign genetic ele-

ments subvert CRISPR immunity by

producing anti-CRISPRs (Acrs), which

inhibit Cas nucleases to enable invasion

(1). Because Cas nucleases are extremely

diverse in sequence, the spectrum of inhibi-

tion by a given Acr is typically limited to a

single CRISPR type. Although most identified

Acrs are proteins, small RNA anti-CRISPRs

(rAcrs) inhibit the DNA-targeting type I-C,

I-E, I-F, and V-A CRISPR systems (2). Owing

to their strong resemblance to CRISPR RNAs

(crRNAs) in sequence, bioinformatic efforts

have identified predicted rAcrs for five of the

six major CRISPR types. However, whether

additional noncoding RNAs play roles in antag-

onism of prokaryotic immune systems remains

unclear. Furthermore, the structural mecha-

nisms underlying CRISPR-Cas inhibition by

rAcrs have not been explored.

A noncoding RNA inhibits CRISPR-Cas13

target interference

The CRISPR-Cas13 inhibitor AcrVIA2 is en-

coded as part of a 14-kb acr locus within an

integrated plasmid in Listeria seeligeri strain

LS21 (Fig. 1A and fig. S1A) (3). We introduced a

plasmid-borne copy of acrVIA2 into L. seeligeri

strain LS1 and tested its ability to inhibit

Cas13-mediated restriction of a targeted plas-

mid (Fig. 1B). When we initially cloned the

acrVIA2 gene, we included the 140–base pair

(bp) intergenic region separating it from the

upstream gene (Fig. 1A). Although this con-

struct inhibited plasmid targeting by Cas13,

introduction of an early stop codon in the

acrVIA2 coding sequence did not diminish

the inhibitory effect (Fig. 1B). When we trun-

cated the intergenic region to retain only the

18 bp immediately upstream of the acrVIA2

start codon, the construct still displayed Cas13

inhibition, but this was abolished upon intro-

duction of the same nonsensemutation (Fig. 1B).

Accordingly, we tested a construct containing

the 140-bp intergenic region along with only

the first 50 bp of the acrVIA2 coding sequence,

which exhibited potent Cas13 inhibition (Fig.

1B). Collectively, these results indicate that an

acr locus of L. seeligeri strain LS21 harbors two

adjacent Cas13 inhibitors: one encoded by the

acrVIA2 gene and another encoded just up-

stream of it.

The 140-bp region between acrVIA2 and its

upstream gene does not encode any predicted

open reading frames (ORFs), and constructs in

which the AcrVIA2 coding sequence was trun-

cated to 10 bp, contained frameshift mutations,

or contained a mutant start codon retained

Cas13 inhibition (Fig. 1B and fig. S1B). When

we analyzed the transcriptional products of

the Acr constructs using small RNA sequenc-

ing, we detected reads corresponding to RNAs

between 37 and 60 nucleotides (nt) in length,

which mapped to the reverse strand of the

intergenic region upstream of acrVIA2 (Fig.

1C). We identified putative -10 and -35 elements

of a reverse-facing promoter downstream of

the small RNA transcriptional start site (Fig.

1A), which we found to be essential for Cas13

inhibition (Fig. 1B). We confirmed the Acr-

specific production of a 60-nt RNAmatching

this region using Northern blot (Fig. 1D). These

results suggest that a small RNA divergently

transcribed from acrVIA2 acts as a Cas13 in-

hibitor. On the basis of the following analysis,

we refer to this factor as rAcrVIA1, in accord-

ance with recently established nomenclature

1Department of Microbiology, University of Washington,
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Guangdong, China. 3Shenzhen Key Laboratory of Cell
Microenvironment, Guangdong Provincial Key Laboratory of
Cell Microenvironment and Disease Research, Key
University Laboratory of Metabolism and Health of
Guangdong, Institute for Biological Electron Microscopy,
Southern University of Science and Technology, Shenzhen,
Guangdong, China.
*Corresponding author. Email: meeske@uw.edu (A.J.M.);

jian@sustech.edu.cn (N.J.)

†These authors contributed equally to this work.

acrVIA2 no target

Cas13

target

none

A

LS1

+Acr

B

orf1

492 140 1584length (bp):

L. seeligeri

LS21 MGE 0.01 0.1 1
T / NT

racrVIA1

50

10

C 500
0

1500

nt from ORF

s
R

N
A

 r
e
a
d
s

acrVIA2

-10 -35

17bp

-10

-35

D rAcrVIA1

50 SL2

5S

nt:

Fig. 1. A small noncoding RNA (rAcrVIA1) inhibits type VI CRISPR interference. (A) Schematic of

genetic locus encoding AcrVIA2 (orange) and rAcrVIA1 (blue) found in integrated plasmid of L. seeligeri

strain LS21. Predicted promoter -10 and -35 elements driving rAcrVIA1 transcription. (B) Plasmid

targeting assay demonstrating Cas13 inhibition. Conjugative plasmids expressing a Cas13 target (or not)

were introduced into L. seeligeri strains harboring the indicated Acr constructs. Black arrows and lines

indicate nonsense mutations. Numbers indicate number of acrVIA2 coding DNA sequence (CDS)

nucleotides left after truncation. Quantification of three biological replicates is shown. T/NT, ratio of

transconjugants observed with target plasmid to that with nontarget plasmid. (C) Small RNA (sRNA)

sequencing reads mapped to the racrVIA1 locus when expressing racrVIA1-acrVIA2 in strain LS1.

Combined reads from two biological replicates are shown. (D) Northern blots using probe antisense to

racrVIA1 or 5S ribosomal RNA (rRNA).
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for rAcrs (2). However, unlike previously de-

scribed rAcrs, rAcrVIA1 does not bear se-

quence homology to type VI crRNAs (fig. S1,

C and D). In contrast to its effects on type VI

CRISPR immunity, rAcrVIA1 did not affect

plasmid interference by the DNA-targeting

type II-A or II-C CRISPR systems of L. seeligeri,

although we observed modest yet reprodu-

cible inhibition of type I-B CRISPR immunity

(fig. S1E).

Secondary structural features of rAcrVIA1 are

required for Cas13 inhibition

Secondary structure prediction of rAcrVIA1

using RNAfold (4) suggests it forms two stem

loops (SLs) with a 2-nt bulge in SL1, similar to

that formed by crRNA (Fig. 2A and fig. S2A)

(5). To test the contribution of these predicted

structural features to Cas13 inhibition, we gen-

erated a series ofmutant rAcrVIA1 alleles. First,

we found that removal of either SL abolished

Cas13 inhibition by rAcrVIA1 (fig. S2B). We ob-

served similarly strong requirements for spe-

cific base pairs within each SL, as disruption

of complementarity at 2 or 3 bp eliminated

rAcrVIA1 activity (Fig. 2B). Furthermore, res-

toration of complementarity by compensatory

mutation of the other strand of the SL rescued

rAcrVIA1-mediated inhibition of Cas13 in both

cases, validating the formation of these pre-

dicted base pairs and underscoring the im-

portance of the stem structure (but not the

sequence) for Cas13 inhibition. Next, we in-

vestigated the contributions of various pre-

dicted structural features in rAcrVIA1 to its

inhibitory activity (fig. S2, A and B). Short-

ening the length of either SL by 1 bp largely

eliminated rAcrVIA1 activity, as did lengthen-

ing SL1 by 1 bp. By contrast, lengthening SL2

by 1 bp had no effect on rAcrVIA1-mediated

Cas13 inhibition.

Cas13 interacts with rAcrVIA1

Next, we investigated the mechanism of Cas13

inhibitionby rAcrVIA1. To testwhether rAcrVIA1

physically associates with Cas13, we coex-

pressed a functionally tagged plasmid-borne

dCas13-his6 allele and CRISPR array harbor-

ing a single spacer, along with rAcrVIA1, mu-

tant derivatives, or an empty vector control in

a DCRISPR-Cas13 mutant strain of L. seeligeri

(Fig. 2, C and D). We used nuclease-inactive

dCas13 to avoid confounding effects from po-

tential RNA cleavage products. We then affi-

nity purified dCas13-his6 from both strains by

nickel–nitrilotriacetic acid agarose pulldown,

extracted RNA from the purified protein, and

analyzed dCas13-associated RNAs by dena-

turing gel electrophoresis. In the absence of

rAcrVIA1, we detected two bands correspond-

ing to the expected 50- to 51-nt crRNA normal-

ly associated with dCas13 (Fig. 2C). However,

in the presence of rAcrVIA1, we observed an

additional 60-nt RNA, along with dimin-

ished intensity of the crRNA bands. We per-

formed similar experiments with an apo form

of dCas13 lacking a CRISPR array, which re-

sulted in coprecipitation of Cas13 with mature

rAcrVIA1 but no crRNA (Fig. 2C). We deter-

mined using small RNA sequencing that the

60-nt band bound to apo-dCas13 corresponded

to the rAcrVIA1 sequence (Fig. 2D). These re-

sults indicate that rAcrVIA1 physically inter-

acts with Cas13 in a manner that does not

require the presence of crRNA and suggest

that rAcrVIA1 competes with crRNA for bind-

ing to Cas13. To investigate this, we tested

whether Cas13 immunity could be rescued

from rAcrVIA1-mediated inhibition by over-

expressing crRNA, through ectopic integration

of a copy of the CRISPR array under a strong

Phyper promoter. When we challenged this

strain with a CRISPR-targeted plasmid, we

observed reduced numbers and size of trans-

conjugant colonies, consistentwithmuch weaker

rAcrVIA1 activity (Fig. 2B). Cas13 is responsible

for processing type VI-A crRNAs (6), raising the

possibility that it could also process rAcrVIA1

precursors. Consistent with this idea, we ob-

served no coimmunoprecipitation of rAcrVIA1

(or crRNAs) with a mutant allele of dCas13

lacking crRNA processing activity (R1048A

and K1049A) (Fig. 2C) (5); however, this mutant

could be impaired in binding of crRNAs and/or

rAcrVIA1.

We then performed dCas13 pulldowns in

the presence of the mutant rAcrVIA1 deriva-

tives tested (fig. S2C). Whereas wild-type (WT)

rAcrVIA1 and all of the mutant alleles that re-

tained Cas13 inhibition coimmunoprecipitated

with dCas13, several of the mutants that lost

function failed to associate with dCas13. Nota-

bly, although the SL2 D1bp mutant largely lost

the ability to inhibit Cas13, it remained asso-

ciated with dCas13, suggesting that the interac-

tion between rAcrVIA1 and Cas13 is necessary

but may be insufficient for inhibition. How-

ever, this mutant resulted in the formation

of numerous small target plasmid–containing

transconjugant colonies, suggesting that it re-

tains partial function (fig. S2B, asterisk). That

rAcrVIA1 interacts with Cas13 raised the

possibility that rAcrVIA1 itself functions as

a crRNA. Accordingly, we tested whether a

Fig. 2. Secondary structure,

processing, and Cas13-binding

activity of rAcrVIA1. (A) Predicted

secondary structure of rAcrVIA1,

with SLs (SL1 and SL2). Red nucleo-

tides indicate positions mutated in

(B). (B) Plasmid-targeting assay

demonstrating that mutations in

each SL abolish Cas13 inhibition,

whereas compensatory mutations

that restore complementary rescue

inhibition. Quantitation of three

biological replicates. (C) Denaturing

gel analysis of RNA associated with

the indicated Cas13 allele in the

presence or absence of rAcrVIA1. RNA

molecular weight markers in nucleo-

tides. (D) sRNA sequencing reads

mapping to racrVIA1 locus from

RNA extracted from purified apo-

dCas13 in the presence of rAcrVIA1.

IP, immunoprecipitation.
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plasmid encoding a transcript complemen-

tary to rAcrVIA1 was restricted in the pres-

ence of rAcrVIA1 or a mutant in which SL2

was disrupted to allow target RNA engage-

ment (fig. S2D). We observed no rAcrVIA1-

dependent restriction with either construct

and argue that the rAcr does not function as a

crRNA, which may be explained by sequence

differences in the crRNA handle (SL1) portion.

Cryo–electron microscopy structure of the

Cas13-rAcrVIA1 complex

To investigate the mechanism of rAcrVIA1-

mediated Cas13 inhibition, we coproduced

apo-Cas13 with rAcrVIA1 in L. seeligeri. Size

exclusion chromatography analysis demon-

strated the formation of a homogeneous com-

plex between Cas13 and rAcrVIA1 (fig. S3A).

We determined its cryo–electronmicroscopy

(cryo-EM) structure at a resolution of 2.85 Å

(Fig. 3, A and B, and fig. S3, B to F). The Cas13-

rAcrVA1 complex adopts a bilobed architecture,

consisting of recognition [N-terminal domain

(NTD) and helical-I domain] and nuclease

[helical-II and two higher eukaryotes and pro-

karyotes nucleotide-binding (HEPN) domains

connected by a linker element] lobes. Notably,

we observed RNA densities corresponding to

Fig. 3. Overall architecture of the Cas13-rAcrVIA1 complex. (A) Domain

organization of Cas13. (B) Surface (left) and ribbon (right) representation

of the cryo-EM structure of Cas13-rAcrVIA1 complex in different orientations.

Domains are colored as in (A). (C) Ribbon representation (left) and schematic

drawing (right) of the sequences and secondary structure of rAcrVIA1.

Segments that could be traced are in color, and disordered segments are in

gray. (D) Structural comparison of Cas13-bound rAcrVIA1 (red) and crRNA

(gray). The repeat and spacer regions of the crRNA are colored in black and gray,

respectively. (E) Structural comparison of Cas13-rAcrVIA1 complex and the

Cas13-crRNA complex. The vector length correlates with the scale of domain

movement. Domains are colored as in (A). (F) Comparison of the positions

of the four catalytic residues from HEPN-I and HEPN-II domains between

rAcrVIA1-bound and crRNA-bound Cas13. Single-letter abbreviations for the

amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;

H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;

T, Thr; V, Val; W, Trp; and Y, Tyr.
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the 60-nt rAcrVIA1, which consists of two

SLs (SL1: A5-U25; SL2: C41-G57), a 4-nt 5′

flank (U1-C4), and a 15-nt middle loop (A26-

C40) (Fig. 3C). The 5′ flank protrudes from SL1

and inserts into a surface-exposed groove

formed by the helical-I and HEPN-II domains

(Fig. 3B and fig. S4A). The 5′ hydroxyl group of

U1 is anchored near the conserved residues

R1041, R1048, and K1051, which are respon-

sible for crRNA maturation (fig. S4B) (5, 7),

suggesting that the 5′ end of rAcrVIA1 might

be processed similarly to mature crRNA. The 3′

end of rAcrVIA1 is exposed to the solvent (Fig.

3B and fig. S4C), suggesting a potential alter-

native nuclease-mediated processing mech-

anism for this region.

SL1 is stabilized primarily through sequence-

independent interactions with the NTD and

helical-I domains (fig. S4D). Nucleotides A5

and U6 base pair with U25 and A22, respec-

tively, forming a 2-nt bulge (U23 and C24), as

in crRNA bound to L. seeligeri Cas13 (fig. S4E)

(5). Themiddle loop undergoes a 90° turn and

is positioned in the crRNA-target RNA bind-

ing channel through sequence-independent in-

teractions mediated by the HEPN-II, helical-II,

and linker domains (fig. S4, D and F). SL2,

adopting an A-form helical conformation, is

situated in the cleft formed by NTD and linker

domains (Fig. 3B). Few interactions are in-

volved in maintaining the structure of SL2,

including nucleotide G48 stacking with resi-

dues K306 in the helical-I domain and nu-

cleotides G48, A50, and A51 stacking with

nucleotides C4 and G3 of the 5′ flank (fig. S4D).

Consistent with ourmutagenesis experiments,

these structural analyses indicate that Cas13

binds rAcrVIA1 in a shape-dependent rather

than sequence-dependent manner. Next, we

superimposed the Cas13-rAcrVIA1 complex

with the Cas13-crRNA complex. The structure

of rAcrVIA1 closely resembles that of crRNA,

except for the differences in their 3′ region

(Fig. 3D). Whereas the 3′ end of crRNA ex-

tends outward and inserts into theNTDdomain

(fig. S4G) (5), rAcrVIA1 forms a SL structure

that sits in the cleft between NTD and linker

domains (Fig. 3B), similar to the structure

formedby crRNAbound toLeptotrichia buccalis

Cas13 (fig. S4H) (7). When Cas13 binds to

rAcrVIA1, its structure undergoes minor rear-

rangements compared with its crRNA-bound

form, with a Ca root mean square deviation

value of 1.9 Å over 865 atoms (Fig. 3E). Notab-

ly, upon binding rAcrVIA1, theNTDdomain of

Cas13 shifts nearly 7 Å toward the helical-I

domain, forming a narrow cleft to accom-

modate SL2 (Fig. 3E).

We compared the conservedHEPN catalytic

site of the rAcrVIA1-bound L. seeligeri Cas13

with the crRNA-bound form, which revealed

minimal conformational changes in the cata-

lytic ribonuclease residues (Fig. 3F). These

catalytic sites have been shown to undergo sub-

stantial conformational changes upon target

RNA binding to perform RNA cleavage (fig.

S4I) (7). Because Cas13-rAcrVIA1 cannot bind

target RNA, rAcrVIA1 effectively locks Cas13 in

a catalytically inactive state. Structural analysis

using a protein-ligand interaction profiler tool

indicated that rAcrVIA1 and crRNA form a

similar number of hydrogen bond interactions

with Cas13 (76 hydrogen bonds for rAcrVIA1

and 72 hydrogen bonds for crRNA) (8). To fur-

ther assess the binding ability of rAcrVIA1 and

crRNA to Cas13, we incubated fluorescently

labeled rAcrVIA1 and crRNA with increasing

concentrations of the Cas13-rAcrVIA1 complex.

The results showed that both rAcrVIA1 and

crRNA bind to Cas13 with similar affinities (fig.

S5), consistent with our in vivo observations

that overexpression of crRNA can rescue

rAcrVIA1-mediated Cas13 inhibition (Fig. 2B).

Taken together, these findings suggest that

rAcrVIA1 mimics the structure of crRNA and

competes with it for binding, thereby prevent-

ing Cas13 from recognizing and cleaving tar-

get RNA.

AcrVIA2 and rAcrVIA1 contribute

independently to Cas13 inhibition

AcrVIA2 is encoded downstream of rAcrVIA1

and inhibits type VI CRISPR immunity by af-

fecting crRNA levels, either bymediating their

direct cleavage or by enabling their degra-

dation by other nucleases (Fig. 4A) (3). Thus,

both rAcrVIA1 andAcrVIA2 affect crRNA:Cas13

stoichiometry, suggesting they may synergize

in Cas13 inhibition. To investigate this pos-

sibility, we analyzed dCas13-associated RNA

during expression of rAcrVIA1, AcrVIA2, or

both factors (Fig. 4B). As previously demon-

strated, AcrVIA2 expression resulted in re-

duced crRNA levels but did not affect dCas13

levels. During rAcrVIA1 expression, bands cor-

responding to both crRNA and rAcrVIA1 were

detected in the dCas13-bound RNA fraction.

When we coexpressed rAcrVIA1 and AcrVIA2,

the rAcrVIA1 band represented the predomi-

nant dCas13-boundRNA, indicating the activi-

ties of rAcrVIA1 and AcrVIA2 are not mutually

exclusive, and despite its mimicry of crRNA,

rAcrVIA1 is not susceptible to AcrVIA2-mediated

degradation.

During natural invasion of L. seeligeri by

mobile genetic elements (MGEs) encoding

rAcrVIA1 and AcrVIA2, the cell would pre-

sumably be equipped with active Cas13 ribo-

nucleoprotein (RNP) complexes available for

target RNA recognition before either Acr is

expressed, making immunity difficult to sup-

press. To model this scenario, we introduced

type VI spacers, recognizing the kanamycin

resistance mRNA encoded on the same con-

jugative plasmid harboring rAcrVIA1, AcrVIA2,

or both, and measured conjugation efficien-

cy (Fig. 4C). Whereas expressing AcrVIA2

alone had a negligible ability to suppress

Cas13 targeting, expressing rAcrVIA1 or both

Acrs completely inhibited Cas13, suggesting

rAcrVIA1 is capable of neutralizing immu-

nity during natural invasion of L. seeligeri

equipped with preexisting Cas13 targeting

complexes. In support of this hypothesis, pre-

incubation of Cas13-crRNA with a molar excess

of rAcrVIA1 inhibited target RNA cleavage

in vitro (Fig. 4D).

Regulatory control of rAcrVIA1

The rAcrVIA1 locus is naturally found imme-

diately downstream of another gene (orf1), en-

codingaproteinwith apredictedhelix-turn-helix

(HTH) domain (Fig. 4A). Thus, we sought to in-

vestigate whether this gene affects rAcrVIA1

function.Wecloned the locus fromthenative orf1

promoter through the acrVIA2 gene, which

abolishedCas13 interference in plasmid-targeting

assays (Fig. 4E). Furthermore, AcrVIA2 was

dispensable for Cas13 inhibition, suggesting

that rAcrVIA1 is functional in this construct.

Next, we tested an in-frame deletion of orf1,

which had no impact on Cas13 inhibition

when both racrVIA1 and acrVIA2 remained

intact. When we deleted orf1 from the con-

struct solely expressing rAcrVIA1, Cas13 inhi-

bition was abolished and could be rescued by

the expression of orf1 in trans. We observed a

similar loss of rAcr function when we installed

an early nonsense mutation in orf1, disrupting

ORF1 function but preserving sequence archi-

tecture. A construct expressing orf1 alone did

not affect Cas13 activity, suggesting ORF1 is

not itself an Acr. Because rAcrVIA1 is func-

tional in the absence of both orf1 and its

promoter (Porf1), we tested whether mutating

Porf1 could relieve the requirement of ORF1

for rAcrVIA1 function. Indeed, ablation of the

predicted Porf1-10 element restored Cas13 in-

hibition by rAcrVIA1 in the absence of orf1. As

ORF1 is a predicted nucleic acid–binding pro-

tein, we investigated whether it influences

rAcrVIA1 activity by affecting the transcrip-

tional activity of its own promoter (Porf1). We

ectopically integrated a transcriptional fusion

of this promoter to the fluorescent protein

mStayGold into the LS1 chromosome andmea-

sured fluorescence in the presence and ab-

sence of a plasmid encoding ORF1 (Fig. 4F).

Whereas we observed strong reporter activity

from Porf1 alone, the addition of ORF1 reduced

the activity by 100-fold, similar to the levels

observed after ablation of the Porf1-10 element,

indicating that ORF1 is a transcriptional auto-

repressor. We hypothesized that Porf1 drives

strong transcription that conflicts with the con-

vergently transcribed rAcrVIA1; thus, rAcrVIA1

can only be produced when Porf1 is silenced

by ORF1. To investigate this, we generated

anmStayGold reporter tomeasure Porf1-driven

readthrough transcription downstream of the

orf1 stop codon, antisense with respect to

rAcrVIA1 (Fig. 4F). The reporter construct
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contained an early nonsense mutation in orf1

to prevent silencing. Using this reporter, we

observed strong transcriptional activity down-

stream of orf1, which was silenced when ORF1

was supplied in trans (Fig. 4F). We found that

rAcrVIA1 levels were undetectable by North-

ern blot when orf1 was mutated in the pres-

ence of Porf1 but were restored upon mutation

of the Porf1-10 element or by expressing ORF1

in trans, indicating that convergent transcrip-

tion from Porf1 interferes with rAcrVIA1 produc-

tion (Fig. 4G). Deletion of the ORF1 HTH only

weakly affected rAcrVIA1 activity in plasmid-

targeting assays, indicating that it is not strictly

required for rAcrVIA1 production (Fig. 4E).

Taken together, our results indicate that ORF1

is a transcriptional autorepressor whose activ-

ity is required to repress convergent transcription

that influences rAcrVIA1 production.

Discussion

Our analyses support the conclusion that

rAcrVIA1 is a structuralmimic of typeVI crRNA

that inhibits Cas13 by competing with crRNA

for Cas13 binding. Previously described rAcrs

share a high degree of sequence homology

with the crRNAs of their cognate CRISPR types

(2). By contrast, rAcrVIA1 has negligible se-

quence similarity to type VI crRNA, yet the

two RNAs adopt a notably similar fold. Our

results suggest there may be more structural

mimic rAcrs or RNA inhibitors of other de-

fense systems to be discovered, yet their iden-

tification poses a challenge to homology-based

bioinformatic approaches. Accordingly, few

examples of RNA-based structural mimicry

in immune antagonism have been identified.

One parallel mechanism in viral counter de-

fense against eukaryotic immunity is the ade-

noviral RNA VAI, a double-stranded RNA that

mimics the natural substrate of the immune

sensor protein kinase R (PKR) (9). VAI func-

tions as a pseudoactivator, binding PKR and

inhibiting rather than stimulating its immune

activities.

Why is rAcrVIA1 encoded just upstream of

another Cas13 inhibitor, AcrVIA2? This arrange-

ment is paralleled for several rAcrs, which are

encoded alongside protein-based inhibitors of

the same CRISPR type (2). Although in all cases

tested so far, the RNA and protein Acrs can

function independently when produced in ad-

vance of CRISPR targeting, our experiments

demonstrated that rAcrVIA1 functions more

efficiently during initial invasion by the MGEs

that encode it. We speculate that rAcrs may

serve to neutralize preexisting CRISPR-Cas

complexes, and their cognate protein Acrs such

as AcrVIA2 serve tomaintain immune suppres-

sion by inhibiting biogenesis of new CRISPR

machinery.
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INORGANIC CHEMISTRY

Gallium-catalyzed recycling of silicone waste with
boron trichloride to yield key chlorosilanes
Nam DĐú’c Vũ1, Aurélie Boulegue-Mondière2, Nicolas Durand2, Joséphine Munsch2, Mickaël Boste3,

Rudy Lhermet3, David Gajan4, Anne Baudouin5, Steven Roldán-Gómez5, Marie-Eve L. Perrin5,

Vincent Monteil1*, Jean Raynaud1*

Chemical recycling to monomers is a key strategy for a sustainable circular polymer economy. However,

most efforts have focused on polymers with carbon backbones. Recycling of silicone polymers and

corresponding materials, featuring a robust inorganic backbone and tunable properties, remains in its

infancy. We present a general method for depolymerization of a very wide range of silicone-based

materials and postconsumer waste, including end-of-life cross-linked polydimethylsiloxane-based

networks within formulated materials. The reaction proceeds at 40°C, harnessing an efficient gallium

catalyst for a million-fold rate enhancement and boron trichloride as the chlorine source, to produce

nearly quantitative yields of (methyl)chlorosilanes, key intermediates in the Müller-Rochow process that

anchors the silicone industry.

S
ilicone polymers are ubiquitous materials

in our daily lives owing to their excep-

tional mechanical and thermal stability,

chemical resistance, and low toxicity,which

are properties that are advantageous across

a span of household, automotive, and medi-

cinal care applications, among others (1). In

2022, the world production of silicone poly-

mers reached >8 million metric tons, repre-

senting a market value at ~20 billion USD (2).

Owing to an upstream hydrometallurgical pro-

cess step, the production of silicones is energy

intensive. The metallurgy required to produce

elemental silicon from mined quartz, and to

a lesser extent the Müller-Rochow process to

yield chlorosilanes, represents >70% of the

CO2 footprint of silicones. Silicone recycling

is therefore key to conserve already depleted

or strained resources (such as quartz) and

minimize energy consumption.

Silicone waste (oils and elastomers with and

without fillers) is presently either incinerated

or placed in landfills. Although such wastes

have so far been considered mostly benign for

our environment (eventual degradation in soil

to CO2, H2O, and SiO2), their reuse would be

advantageous from an energy and resource

standpoint, as noted earlier. In addition, some

silicone-based compounds have recently come

under scrutiny, motivating strategies such as

ecodesign for silicones (3) and biocatalytic

pathways to deal with volatilemethylsiloxanes

(4). In contrast to plastics such as polyethylene

terephthalate (PET) and polyolefins (5–8)—for

which recycling methods are applied or in

development, mechanical in particular (9) but

more recently chemical (10–14)—the recycling

of silicone-based polymers is underexploited,

and few examples exist (15). Chemical recycling

could prove particularly efficient for silicones

in sidestepping the power-hungry metallurgy

and Müller-Rochow processes. According to

studies from Elkem Silicones, the chemical

recycling of silicone wastes could reduce up to

65% of energy consumption and 75% of green-

house gas emissions relative to the present

baseline for silicone production (16, 17).

A mainbarrier to chemical recycling of silicone

materials, particularly elastomers (cross-linked

networks), is their sophisticated multicom-

ponent formulations. These elastomers or rub-

bers often exist as a mixture of cross-linked

polysiloxanes, inorganic and organic fillers, tech-

nical additives, and catalysts (15–17). Because

they are cured or cross-linked in the presence

of a catalyst, they can no longer be melted or

reshaped. Therefore, mechanical recycling en-

tails only downcycling to rubber powder or

crumbs and thus has rather limited applica-

tions. Chemical upcycling to recover key in-

dustrial intermediates (15–19) would be more

productive.

The chemical recycling of waste silicones has

long been studied yetwasmainly focused on the

conversion of silicone polymers to cyclosiloxanes

(method 1, cyclic monomers; see Fig. 1). Very

rarely has upcycling to halogenated and, in

particular, chlorinated organosilanes been

considered an efficient strategy for chemical

recycling (method 2, Cl-based monomers; see

Fig. 1). Both cyclosiloxanes and chlorinated

organosilanes are key intermediates of the

silicone industry (see Fig. 1).

With method 1, a strong alkaline base with or

without complexing molecules or fluorine deri-

vatives could be used as an efficient catalyst (to

generate a propagating silanolate) for the decon-

structionof siliconepolydimethylsiloxane (PDMS)

chains to cyclosiloxanes through successive back-

biting nucleophilic attacks (15–17, 20–22). This is

a desirable short recycling loop: “back-to-cyclic

monomers.” We recently provided a straight-

forward strategy for several silicone wastes: a

back-to-cyclicsmethodologywith a very efficient,

readily available, and recyclable catalyst, harn-

essing the equilibrium between linear and cyclic

PDMS through choice of reactive distillation

process (18). However, the strategy lacks univer-

sality and compatibility withmoieties supporting

Si-H bonds. More detrimentally, it cannot prop-

erly handle formulated elastomers and highly

cross-linked resins, which account for a large

fraction of all silicone waste (>40%), particularly

postconsumer waste products (15–17).

The conversion of silicone polymer to Si-F

products as an upcycling strategy is very fav-

orable thermodynamically (analogous to meth-

od 2 but yielding less ubiquitous fluorosilanes).

Enthaler has presented a synthetic method

for the depolymerization of silicone oils and

elastomers to produce the corresponding fluoro-

silanes (23). An excess of benzoyl fluoride was

used as the fluorine source, and the reaction

often proceeds in the presence of a zinc cat-

alyst at elevated temperatures (120° to 190°C).

However, there are drawbacks to this meth-

od, which involve the price, availability, and/or

lack of atom economy of fluorine and fluoride

sources and the release of some volatile and

hazardous fluorosilanes during the process.

Moreover, use of those fluorosilanes is rather

limited industrially and is outside the loop of

the silicon and silicone main industrial cascade

of processes (see Fig. 1).

By contrast, chlorosilanes (method 2) are

the most important intermediates in silicone

industrial production. They are conventionally

produced through the Müller-Rochow pro-

cess, which involves a copper-catalyzed reac-

tion of methyl chloride andmetallurgic silicon

in a fluidized bed reactor (300°C, 2 to 5 bar)

(24). However, the chemical recycling of silicone

polymers to (methyl)chlorosilanes is seldom

reported owing to unfavored thermodynam-

ics of Si-Cl bond formation from Si-O bonds

in silicone backbones (25). Döhlert and Enthaler

reported the conversion of silicone oils to

chlorosilanes (26), but the reaction conditions

(high catalyst loading [Fe], excess of unsus-

tainable acyl chloride, high temperature of

~190°C) and narrow scope with waning re-

activity have limited its application in silicone

recycling.

Herein, we present an effective method

for depolymerization of nearly any silicone

polymers—including functional oils, block copoly-

mers, or industrial and end-of-life elastomers,

1Universite Claude Bernard Lyon 1, CNRS, CPE Lyon, UMR
5128, Laboratory of Catalysis, Polymerization, Processes
and Materials (CP2M), 43 Bd du 11 Nov. 1918, Villeurbanne,
France. 2Elkem Silicones, R&D Chemistry, R&I Centre
“ATRiON,” 9 rue Spécia, Saint-Fons, France. 3Activation,
Chemical Process Research and Catalysis, 10 rue Jacquard,
Chassieu, France. 4CNRS, ENS Lyon, Universite Claude
Bernard Lyon 1, UMR 5082, Centre de RMN à très
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and filled cross-linked materials—to produce

(methyl)chlorosilanes as key commodities of

the silicone industry. The reaction is performed

at low temperature (40°C) in the presence

of low catalyst loadings [typically 0.5 mol %

down to 0.02 mol %, i.e., from 0.005 equiv-

alents (equiv.) down to 0.0002 equiv. of Si-O

bonds] using boron trichloride as a depoly-

merizing reagent. The heterobimetallic ion

pairs resulting from an Si-O-Si bond, BCl3 (as

Lewis acid and source of Cl) and GaCl3 (as a

catalyst), promote Si-O and B-Cl scrambling

from BCl3 and the Si-O-Si silicone backbone.

The boron oxide B2O3 coproduct can be used

by the borosilicate glass industry or looped

back into boron trichloride (27, 28). Among

various Lewis acids, GaCl3 exhibited superior

performance as a catalyst but not as a chlo-

ride source when compared with far-superior

BCl3 (see Table 1). The [BCl3•GaCl3] combi-

nation in the presence of the Si-O-Si based

backbone can yield up to 99% chlorosilanes.

Although this type of Lewis acidic behavior

is not extensively documented (see supple-

mentary text section “Literature precedents

for the homo/hetero-bimetallic reactivities”),

multinuclear nuclear magnetic resonance

(NMR) spectra of the active species elucidate

and confirm prior findings. With the support

of molecular modeling performed using den-

sity functional theory (DFT), we unveiled the

atypical mechanism of this depolymerization

reaction.

The depolymerization of silicone polymers

was first studied at 40°C for 24 hours using a

1 M solution of boron chloride in dichlorometh-

ane as a source of chloride. BCl3was selected

to counterbalance the thermodynamically dis-

favored formation of Si-Cl bonds from Si-O

bonds. Silicone oil 1 [Me3SiO(SiMe2O)70SiMe3
(MD70M); number average molar mass (Mn) =

5340 g/mol; viscosity 100 cSt] was used as a

model substrate. Treating BCl3 in the absence

of catalyst evidenced Si-O-Si backbone cleav-

age (see entry 1 in Table 1). Some Si-O bond

cleavage was observed along with the forma-

tion of Si-Cl bonds through the formation of

product 4, but no volatile (methyl)chlorosilanes

2 and 3 were detected. To favor the chlorin-

ation process, catalysis by an additional Lewis

acid was required and thus evaluated. Com-

bining BCl3with a second Lewis acid seemed

promising to enhance reactivity and Si-O bond

cleavage.

Heterobimetallic reactivity was discovered

decades ago, but its application through the

combination of two Lewis acidic molecules is

rarely reported. One key example was reported

by Sugasawa and co-workers, using a stoichio-

metric BCl3 and GaCl3, to realize a specific

ortho-substitution for acylation of aniline de-

rivatives (29). This concept was later exploited

by Negishi to elucidate what governs or induces

ate complexation, transmetallation, or dynam-

ic polarization (see fig. S6 and, more gener-

ally, supplementary text section “Literature

precedents for the homo/hetero-bimetallic

reactivities”); they concluded that the new

metal center in the putative heterobimetal-

lic complex must be more electrophilic than

the original nonactivated one (30). Recently,

Schindler and co-workers found that hetero-

bimetallic species, harnessing Fe and Al Lewis

acid character, could be used as excellent cat-

alysts for carbonyl-olefin ring-closing metathe-

sis (31, 32). Interestingly, these reports reinforce

the idea that the superelectrophilic character

arising from such species can unlock uncon-

ventional reactivity. Although the experimen-

tal data were meticulously interpreted by a

computed mechanism, spectroscopy studies
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did not reveal conclusive evidence of active

species. More recently, Klare, Oestreich, and

co-workers reported a halodealkylation of

alkylsilanes, harnessing the superelectrophilic

character of arenium cations and correspond-

ing chlorenium and silylium intermediates

(33, 34). The main goal here was to unlock a

valuable, yet thermodynamically unfavorable,

formation of Si-Cl bonds from Si-O bonds.

We sought to capitalize on the heterobimetal-

lic [BCl3•Lewis acidic catalyst] combination to

induce chlorosilane formation from Si-O-Si

backbones.

Lewis acid optimization

To that effect, we tested a wide range of Lewis

acids (MClx, 0.5 mol % of repeated siloxane

unit) as catalysts for the depolymerization

reaction (see entries 2 to 9 in Table 1). Limited

reactivity was observed using ZnCl2, MnCl2,

and CoCl2 (some chain scissions, similar to

BCl3 working alone), whereas dichlorodime-

thylsilane 2was obtained, albeit in low yield

(12%), in the presence of FeCl2. Conversely

and interestingly, the depolymerization with

FeCl3 gave an excellent yield of 2 (up to 97%),

albeit after 24 hours. More interestingly, the

reaction using AlCl3 or GaCl3 provided excel-

lent reactivity in a shorter time frame. The

chlorosilane 2 was obtained in 85 and 98%

yield, respectively, after only 30 min. We hy-

pothesized that the increased chlorophilicity

of these Lewis acids leads to the formation of

a superelectrophilic reagent [O-BCl2
+
] from

BCl3, with Si-O-Si behaving as the Lewis base

(coordination to stabilize) and GaCl3 harvest-

ing the Cl
−

to generate the favorable [GaCl4
−

]

anion, thus promoting the cleavage of Si-O-Si

bonds (see discussion about the mechanism

in a following dedicated section). Moreover,

Me3SiO-functionalized chain ends (where Me

is methyl) could, for instance, be recovered

with this process as corresponding function-

alized chlorosilanes (Me3SiCl, 99% yields).

Furthermore, other gallium precatalyst spe-

cies were also evaluated for the depolymer-

ization reaction. The reactions with GaBr3
and Ga(OTf)3 (where OTf is trifluoromethane-

sulfonate) gave 95 and 70% of 2, whereas no

desired product was observed when Ga2O3

was used as a catalyst precursor, likely owing

to immiscibility issues. In the Ga-based series,

GaCl3 was thus selected for further investiga-

tion, including temperature effect and catalyst

loading on the performance of the depoly-

merization reaction (table S1). Lowering the

temperature down to 0° or 25°C resulted in a

good but nonquantitative yield of 2 of 67 to 70%

along with the formation of silyl ether product 3

(10 to 11% yield). When the catalyst loading was

decreased further to 0.02 mol %, the reaction

timehad tobe consequently increased to achieve

complete depolymerization. Considering all these

factors, GaCl3 (0.5 mol %, 40°C) was chosen for

further investigation, in particular, with respect

to the choice of solvent or diluent (swelling in

the case of cross-linked materials).

Solvent screening

We verified that our depolymerization strat-

egy did not require the use of dichloromethane

(DCM) as a solvent. We investigated alternative

Table 1. Catalysts and reagent screening for depolymerization of model substrate. *Reaction conditions: silicone oil 1 (300 mg, 4 mmol Si-O), BCl3 in

dichloromethane 1 M (3 ml, 9 mmol Cl-, 2.2 equiv. of siloxane units), catalyst (0.5 mol %); †Yield of chlorosilanes 2, 3, and 4 were determined by 1H-NMR

analysis using mesitylene as an internal standard; ‡Yield of 5 was determined by 1H-NMR analysis based on the ratio between the amount of TMSCl we

observed through cleavage and the amount of trimethylsilyl in the starting material, thus corresponding to recovery of chain ends, and should be treated as a

separate yield; §GaCl3 was used as a catalyst.
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appealing solvents, either for the dilution (lin-

ear PDMS waste) or for the necessary swelling

of any silicone waste (including mixed elas-

tomers), such as toluene and heptane (see

entries 10 and 11 in Table 1 and entry 1 in table

S2). Because BCl3 has a low boiling point (12°C)

and it is hard to handle in a neat state, we

evaluated its dissolution in different solvents

(CH2Cl2, heptane, or toluene).When the reac-

tion was performed at 40°C for 30 min, the

depolymerization in DCM yielded 98% of 2,

whereas using BCl3 in n-heptane or toluene

solutions provided yields of 2 at 60 and 62%,

respectively. Besides chlorinated solvents, tol-

uene and aromatics as well as heptane and

alkanes are known to efficiently swell PDMS-

based materials (35).When the reaction time

was increased, a better conversion of 1 was also

observed. After 2 hours, the depolymerization

in toluene gave an excellent dichlorosilane

yield (95%), whereas the depolymerization in

n-heptane provided 75% yield of 2 after 5 hours.

Furthermore, the temperature could also be

increased when higher boiling toluene was

used. After 1 hour at 90°C, nearly quantitative

yield of 2was obtained (see entry 1 in table S2)

with very little percentage of silyl ether 3.

Thus, both more sustainable and ecofriendly

solvents provided good to excellent yields of

desired (methyl)chlorosilanes, albeit using

slightly longer reaction times (see entries 10

and 11 in Table 1).

Source of chloride

AlCl3 was tested as an alternative chloride

source for the depolymerization, as previously

reported by Mair and co-workers (36) (see

entries 3 and 4 in table S2). Of note, AlCl3 is a

by-product of the Si industry (after theMüller-

Rochow and subsequent hydrolysis processes).

We carried out the reaction at different tem-

peratures (40°C for CH2Cl2 and 90°C for

ClCH2CH2Cl as solvents or swelling agents)

for 24 hours. However, only a low yield of

chlorosilane 2 (10 to 12%) was observed. We

suspect that although the first Al-Cl bond of

AlCl3 is reactive, the subsequent –O-AlCl2 and

further oxygenated counterparts are far-less-

efficient chlorinating reagents. Additionally,

GaCl3was ruled out as the chlorinating reagent,

owing to its favored transmethylation (37).

Finally, we also investigated other metallic or

metalloid-based chloride sources such as TiCl4,

SiCl4, CuCl2, or even a solution ofHCl in dioxane

(4M) as alternative chloride sources, but no

reactivity was detected in any of these cases

(see entries 5 to 9 in table S2), highlighting the

advantageous role of boron trichloride as a

source of chloride.

Recycling of functional waste oils

After optimization with PDMS oil 1 with vis-

cosity of 100 centistokes (cSt), we selected the

conditions for the depolymerization of other

silicone waste as follows: BCl3 as the Cl source

(2.2 equiv. of Cl per Si atom to convert, mainly

targeting Me2SiCl2 as product, which corre-

sponds to 1.1 equiv. of B-Cl bond per Si-O bond)

and GaCl3 (0.5 mol%) as the catalyst at 40°C

for 30 min. We applied these conditions to a

series of silicone oils with different chain-end

functionalities (Fig. 2 and table S3). First, we

examined several trimethylsilyl end-capped

polysiloxanes with higher viscosities 7 and 8

(respectively 1000 cSt and 10
6
cSt). All of them

gave an excellent yield of chlorosilane 2 (95 to

97%) upon recycling, indicating that themolar

masses of the linear PDMS or silicone gum

(very-high–molar mass linear PDMS) do not

affect the efficiency of the depolymerization

method. We also probed the seemingly very

fast kinetics of our depolymerization by at-

tempting to monitor the chain scission using

size exclusion chromatography (SEC) (see sup-

plementary text section “Kinetic partial study

on the depolymerization of the silicone gum”)

by quenching the chloro-capped oligomers

with absolute ethanol (EtOH). The experiment

confirmed that 45% of chlorosilane 2 and 32%

of silyl ether 3 could be obtained after only 5min

of reaction, indicating extremely fast kinetics

for this depolymerization (see fig. S23). Only

very-low–molar mass oligomers remained to

be recycled back to chlorosilanes.

We then also tested the vinyl-terminated sili-

cone oils 9 and 10 under standard conditions.

A good yield of 2 (93 and 96%) was also af-

forded. Additionally, we also investigated silanol-

terminated polysiloxanes 11 and 12, which

gave the desired product 2 in very good yields

(93 to 97%). Moreover, we tested the resin 13,

which consists of 75% D moieties, 20% T moi-

eties, and 4% M moieties, under the reaction

conditions (38). Yields of 90% of 2 and 10% of

3 were obtained after the deconstruction. Some

advantageous depolymerization products of

the T fraction such as MeSiCl3 and (MeSiCl2)2O

were detected in 10 and 50% yields, respec-

tively. T moieties are particularly challenging

for silicone recycling because their accumulation

in back-to-cyclics depolymerization strategies

often yields a cross-linked insoluble fraction that

requires process discontinuity and extensive

cleaning [(15–17), and see discussion on de-

methylation in (18) in particular].

Furthermore, and to showcase the robust-

ness and universality of the method, we also

investigated waste silicone block copolymer

14, which has phenyl content (5 mol %) and

a viscosity of 60,000 cSt, under optimized

depolymerization conditions. After 30 min,

chlorosilane 2 was produced in a yield of 97%

based on D moieties (39). Dichlorodiphenyl-

silane was obtained as the major product from

depolymerization of diphenylsiloxane moieties

within the copolymer. It was identifiedwith its

characteristic doublet of doublets (dd) appear-

ing at 7.75 parts per million (ppm) [dd, scalar

coupling (J) = 8.1 and 1.5 Hz] [see also fig. S36

and supplementary materials (SM)]. Eventu-

ally, we evaluated silicone oil 15 containing

numerous Si-H moieties—which is extreme-

ly challenging to recycle compared with fully

methylated silicone oils regarding both safety

(H2 generation and hydride redistribution

leading to explosive molecules) and chemical

instability—for the depolymerization. Excel-

lent yields of methyldichlorosilane (Me(H)

SiCl2) (>95%) and minor silyl ether (Me(H)

SiCl)2O (<5%)were observed. In all examples,

chain end–derived chlorosilanes (M moieties)

were recovered almost quantitatively (see gray

column for product 5, separated with doubled

line in table S3), except for silanol-terminated

substrates, which were logically lost during

chlorination. These chainblockers [e.g., trimethyl-

silyl chloride (TMSCl)] are particularly valu-

able to the Si industry.

Scale-up

Finally, we conducted a scale-up of the meth-

od first using 2 g of silicone oil 1 and then

using ~80 g of 1 (see supplementary text sec-

tion “Scale-up experiment for depolymerization

of silicone oil”) in a dedicated semibatch pro-

cess. We applied a distillation setup to separate

the volatile fraction (containing Me2SiCl2 and

CH2Cl2) and solid coproduct (B2O3). We ana-

lyzed the side product by solid-state
11
B-NMR

spectroscopy, and itmainly comprised theboron

oxide with some B-Cl residual bonds. Chloro-

silane 2 was observed in a high yield of 97%,

and boron oxide was isolated as a white solid

(95% yield) at the 2-g scale; then, for the prom-

ising 80-g-scale experiment, the yields were 95

to 97% (D moieties in liquid distillate plus

leftovers in boiler) and ~99%, respectively (see

SM for details). The latter allowed for mon-

itoring of the depolymerization reaction (see

see supplementary text section “Scale-up ex-

periment for depolymerization of silicone oil”),

which we exploited in the mechanistic investi-

gation that follows. Additionally, we could

achieve more precise characterization of the

B2O3 coproduct at this larger scale, revealing

minimal contamination by B-Cl bonds (<7%,

confirmed by
11
B-ss-NMR), likely because of the

slight excess used to ensure full transforma-

tion to chlorosilanes (figs. S59 and S60). This

side product of chemical recycling could there-

fore be recycled in another industrial loop

(40), harnessing, for instance, SiCl4 (a presently

unwanted by-product of the Müller-Rochow

process), or be reused by the borosilicate glass

industry.

Recycling of waste elastomers, industrial

waste, and postconsumer waste

Silicone elastomers are more challenging sub-

strates for depolymerization processes be-

cause manufacturers often formulate complex

mixtures of fillers and additives, cross-linked
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silicone elastomers, and catalysts. These mix-

tures are even more challenging at their end

of life, with life-span contamination that in-

cludes many organic and inorganic contam-

inants, rendering their formulation even more

complex. Polysiloxanes often account for 60

to 70 wt %, whereas fillers (inorganics often

based on silica or chemically modified SiO2),

pigments, and catalyst often fall within a

range of 30 to 40 wt %. Several representative

postconsumer silicone waste items—nipple

pads, cupcake molds, silicone sheets, and water

or liquid tubing—were used as startingmate-

rials for the depolymerization process (Fig. 3

and table S4). No pretreatment was used (aside

from obvious dirt removal by wiping), be-

cause these postconsumer wastes did not un-

dergo trash disposal and mixing, collecting,

and sorting at facilities that could lead to a

more complex mix of polymers [polyolefins,

PET of even polyvinylchloride (PVC) contam-

inants]. Desired product 2 was obtained in

high yields (90 to 99%, based on theoretical

Si-O-containing moieties) (entries 1 to 4 in

table S4). Then, we also tested industrial wastes,

supplied by our industrial partner Elkem Sili-

cone, under optimized conditions (entries 5

to 8 in table S4). First, we subjected RTV1- and

RTV2-formulated elastomers (room-temperature

vulcanizates, with fillers), which are obtained

through cross-linking using tin (Sn) or plati-

num (Pt) catalysts, to the depolymerization

conditions. Desired product 2 was obtained

in an excellent yield (95%). Moreover, we also

evaluated high-temperature vulcanization (HTV)

elastomer (with fillers) that was cross-linked

at elevated temperature in the presence of

peroxide initiators. After 30 min, chlorosilane

2 was again obtained in a quantitative yield.

We extended this protocol to amore challenging

HTV elastomer (formulation with additives and

fillers densely cross-linked by peroxide and

hydrosilylation at 170°C rather than ~120°C

for classical HTV elastomers). By recycling

this waste, 80% of 2 and 20% of 3 were re-

covered after depolymerization, even for this

densely cross-linked silicone material. The

chlorination of cross-linking knots was also

detected in the crude mixture as the appear-

ance of characteristic signals in
1
H-NMR spec-

tra at 0.66 and 0.62 ppm (characteristic of

Cl2MeSi-CH2CH2-SiMeCl2). Finally, we sub-

jected a mixture of all elastomers without

sorting (3 g) to these recycling conditions

(see also movie S1 of this experiment and cor-

responding selected frames in fig. S69). After

2 hours, we distilled the crude mixture under

reduced pressure (40°C, 200 mbar) to yield

chlorosilane 2 and silyl ether 3 at 83 and 6%,

respectively. A mixture of B2O3, SiO2 (2.2 g),

and minimal silicone residues was also iso-

lated after the distillation as a gray fine solid

(see figs. S61 and S62). This B2O3-rich mixture

could be used as base material in the produc-

tion of borosilicate glass, boron nitride, or boron

carbide (27). These positive results demon-

strate that this chemistry is highly selective

and robust. Chain-end functionalities and net-

work connectors (T moieties or chlorosilanes
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from hydrosilylation bridges) could be recov-

ered once again as valuable chlorosilanes or

chain-capping agents for regeneration of cat-

alog oils for the Si industry.

Mechanistic investigation by NMR

To enhance our understanding and poten-

tially tackle future challenges in silicon chem-

istry, we sought insight into the active species

resulting from the combination of chlorinated

Lewis acids and GaCl3 using multinuclear

NMR spectroscopy (Fig. 4). First, we analyzed

the mixture of BCl3 and GaCl3 (1:1 ratio) in

CD2Cl2, but the evidence of an anticipated

Cl-bridged dimer was hard to detect (see SM

for a detailed analysis). We beneficially added

triphenylphosphine (PPh3) to the mixture in

CD2Cl2 in amolar ratio of 1:1:2 (BCl3:GaCl3:PPh3)

and recorded the in situ NMR analyses (
11
B,

31
P,

and
71
Ga) at room temperature. The substantial

difference between the initial BCl3 signal at

46.5 ppm and the new resonance at 3.91 ppm

[doublet (d), J = 154.6 Hz for the J
1
{
11
B-

31
P}

coupling] (Fig. 4A) was attributed to the sig-

nal of a stabilized electrophile [BCl2(PPh3)2]
+
.

This reveals the likely halide abstraction using

1 equiv. of GaCl3 and 2 equiv. of PPh3, which

agrees with tetracoordinate boronium species

in solution (41). Moreover, themain resonance

at −1.03 ppm [quadruplet (q), 154.6 Hz for

the J
1
{
31
P -

11
B} coupling] was observed in the

31
P-NMR spectrum (Fig. 4B), indicating the in-

teraction of triphenylphosphine with BCl2
+
.

Additionally, the overlap of the characteristic

quadruplet of J
1
{
31
P-

11
B} and minor septuplet

of J
1
{
31
P-

10
B} can be identified. The quater-

nization of the gallium center was also con-

firmed by
71
Ga-NMR spectroscopy (Fig. 4C).

The
71
Ga-NMR spectrum of active species ex-

hibited a broad feature with two maxima at 250

and 270 ppm, consistent with analogous spe-

cies [GaCl4]
−

and [GaxCl3x+1]
−

to those identi-

fied for the P-donors (42, 43). For the
71
Ga-NMR

reference, [bmim
+
GaCl4

−

] was synthesized. Its

main resonance was observed at ~250 ppm as

a narrow signal, which corresponds to a nearly

centrosymmetric tetracoordinate anion [GaCl4]
−

.

Similar species can also be identified with AlCl3
instead of GaCl3, which bolstered our assign-

ment (centrosymmetric tetracoordinate anion

[AlCl4]
−

and polymeric analogs; fig. S58). In

agreement with our spectroscopic study, we

postulate a first cycle in the mechanism of the

unusual electrophile depolymerization as de-

scribed in Fig. 4D.

To raise our understanding of the key steps of

the depolymerization mechanism, we performed

selective cleavages of hexamethyldisiloxane

(HMDS) and hexamethylcyclotrisiloxane (D3)

using stoichiometric amounts of BCl3 and/or

GaCl3 as chlorinating reagents in CD2Cl2. HMDS

and D3 were selected to best represent the

chain ends andmain moieties (D) of the silicone

waste to recycle while retaining a manageable

molecular dimension for the DFT calculation.

We performed those model reactions in 5-mm

NMR tubes under inert atmosphere and ana-

lyzed the corresponding multinuclear NMR

spectra to detect key intermediate species. BCl3
can efficiently produce TMSCl from HMDS

(50% yield using 1 equiv. BCl3 with concomi-

tant formation of TMS-O-BCl2). Initially, bo-

ron trichloride was also able to cleave the D

moieties of D3 (Si-O-Si bond) to yield Si-Cl and

Si-O-B bonds (see figs. S63 to S66). More-

over, it favored the redistribution between

mono-, di-, and tri-alkoxy borate derivatives

(B1a, B2a, and B3a). However, it was not pos-

sible to cleave and chlorinate the correspond-

ing O-Si-Cl bond to give Me2SiCl2. To obtain

the dimethyldichlorosilane 2, another metal-

chloride-based Lewis acid such as GaCl3 (Fe-

or Al-based analogs can be used as well; see

Table 1) must be involved in the catalytic cy-

cle to break Cl-(Me2SiO)x-BCl2 derivatives into

Me2SiCl2 and its corresponding Cl-B-O deriv-

atives, which could further yield B2O3 with the

help of catalysis (see supplementary text section

“NMR spectra: f. Further deciphering puta-

tive mechanisms on the depolymerization

of model substrates”). GaCl3 can also cleave

HMDS to yield 0.5 equiv. of TMSCl and full

conversion when using 2 equiv. with respect

to HMDS. However, GaCl3 by itself is unable

to cleave D3. Only by adding the resulting mix-

ture of HMDS/2 equiv. GaCl3 to D3/GaCl3 can

we observe the formation of desired product

2, albeit not quantitatively. These model re-

actions already suggest the need for a pre-

requisite complexation of a Lewis base to allow

the formation of [LB-BCl2
+
GaCl4

−

]-type spe-

cies, with a Si-O-Si bond acting as the in situ

Lewis base.

As a first approach, we estimated the ther-

mochemical driving force for these transfor-

mations by using tabulated bond dissociation

energies, that is, enthalpies of formation for

Si-Cl/B-O formation versus B-Cl/Si-O cleavage

(44–50) corresponding to the overall bond me-

tathesis process. To our surprise, depending

on the tabulated data, the resulting reaction

enthalpy ranged from slightly exothermic by

−3 kcal/mol to endothermic by 17 kcal/mol. The

Si-O bond energy seems particularly influenced
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Fig. 3. Scope for the chemical recycling of silicone elastomers to corresponding chlorosilanes.
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by themolecular environment, which prompted

us to seek insights from molecular modeling at

the DFT level.

Mechanistic investigation by DFT

By performing calculations at the DFT level

(see details in SM), we were able to rationalize

the reactivity of GaCl3 and/or BCl3 with D3

(Fig. 5), thus elucidating the depolymerization

mechanism. In the first instance, the lack of

reactivity of GaCl3 alone is explained by the high

Gibbs free energy barrier required for the Si-O/

Si-Cl bond metathesis (TS1-Ga ~31 kcal/mol)

and its endergonicity (Fig. 5A). In the case of

BCl3, boron oxophilicity weakens the Si-O bond

enough to halve the activation energy of the

Si-O/Si-Cl bondmetathesis to 15kcal/mol (TS1-B;

Fig. 5B) and to thermodynamically favor Si-Cl

and O-BCl2 formation as detected by NMR

spectroscopy. The following O-B-O cyclization

via TS2-B is endergonic by ~6 kcal/mol, and the

subsequent chlorination and associated sec-

ond Si-O cleavage (TS3-B) is kinetically pre-

vented relative to the experimental conditions.

The energetics of these two steps thus hinder

the reaction to proceed further, in line with ex-

perimental results. For both Lewis acids, when

used independently, Si-O/Si-Cl bond metathe-

sis transition states TS1-Ga and TS1-B fea-

ture distorted square-pyramidal geometries

at Si (Fig. 5C), a pattern that differs when both

GaCl3 and BCl3 are combined (vide infra).

In addition, we calculated bond dissociation

energies on an opened D3 molecule by BCl3
(see fig. S67 and table S5) and obtained an

exothermic value of −15 kcal/mol for the trans-

formation of B-Cl/Si-O to B-O/Si-Cl bonds, a

very different value from the enthalpy (DH)

calculated or approximated from average tab-

ulated enthalpies and in better agreement with

the experimental results.

When D3 reacts with both BCl3 and GaCl3,

the formation of GaCl4
−

by Cl transfer from

B to Ga upon O-B bond formation is virtually

barrierless and thermodynamically favored

(~2 kcal/mol via TS0-GaB), with a gain of

~4 kcal/mol over the Lewis adduct. This ex-

change reaction is driven by boron’s preference

to form B-O over B-Cl bonds, consequently

weakening the (B)O-Si bond and raising the

cationic character of the vicinal silicon atoms

(34). This boron-to-gallium Cl transfer reac-

tion also affects the geometry at Si that evolves

from tetrahedral to distorted trigonal pyramid.

The character of the Si center approaches a

silylium cation, which could be crucial to pro-

mote the chloride transfer (34). From this ge-

ometry, the Si can undergo an O-to-Cl exchange

mediated by an attack of GaCl4
−

at both Si apical

positions of a transient and hypervalent tri-

gonal bipyramid (TS1-GaBsyn andTS1-GaBanti

in Fig. 5E; see also fig. S68). The Gibbs free

energy barrier for the O-to-Cl exchange is low-

ered by 6 kcal/mol when Cl and O are trans to

each other. In contrast to the BCl3 case, the

formation of new B-O bonds continues (TS2-

GaB) at the expense of Cl release by B and

transient capture by GaCl3, which again weak-

ens the adjacent O-Si bonds to yield Me2SiCl2
(TS3-GaBanti), lowering this barrier by almost

10 kcal/mol in comparison to BCl3. Interest-

ingly, the promotion of such type of super-

electrophilic intermediates by GaCl3 has been

suggested by DFT studies (51). Futher inves-

tiation of these associations of chlorinated Lewis

acids could pave the way to other challenging

transformations.

Outlook

The universal chemical depolymerization for

silicones we have described here holds some

potential for industrialization, bearing ap-

propriate collecting and sorting of silicone

waste. Securing identified waste streams will

help this Ga/B-based technology. Industrial

separation of (methyl)chlorosilanes is already

a mature technology, which is done on very
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large scale by the silicone manufacturers.

Adding a new feedstock to the industrial frac-

tional distillation cascade appears straight-

forward. We provide proof of concept for a

fed-batch semicontinuous process to produce

the (methyl)chlorosilanes with discrete addi-

tion of waste (see fig. S25 and corresponding

discussion in supplementary text section “Cat-

alyst recycling”) with strong potential for GaCl3-

based catalytic system reuse (or continuous

use), through appropriate process ecodesign.

Reuse or recycling of boron oxide will also

be critical, with some potential harnessing of

SiCl4 (40). This work paves the road for the

circular economy of silicon but also highlights

an original reactivity through Ga-B synergy.
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EXOPLANETS

Microlensing events indicate that super-Earth
exoplanets are common in Jupiter-like orbits
Weicheng Zang1,2*, Youn Kil Jung3,4*, Jennifer C. Yee2, Kyu-Ha Hwang3, Hongjing Yang1,5,

Andrzej Udalski6, Takahiro Sumi7, Andrew Gould8,9, Shude Mao5,1*, Michael D. Albrow10, Sun-Ju Chung3,

Cheongho Han11, Yoon-Hyun Ryu3, In-Gu Shin2, Yossi Shvartzvald12, Sang-Mok Cha3,13, Dong-Jin Kim3,

Hyoun-Woo Kim3,11, Seung-Lee Kim3, Chung-Uk Lee3*, Dong-Joo Lee3, Yongseok Lee3,13,

Byeong-Gon Park14, Richard W. Pogge9,15, Xiangyu Zhang8, Renkun Kuang1,16, Hanyue Wang17,

Jiyuan Zhang1, Zhecheng Hu1, Wei Zhu1, Przemek Mróz6, Jan Skowron6, Radosław Poleski6,

Michał K. Szymański6, Igor Soszyński6, Paweł Pietrukowicz6, Szymon Kozłowski6, Krzysztof Ulaczyk18,

Krzysztof A. Rybicki6,12, Patryk Iwanek6, Marcin Wrona6,19, Mariusz Gromadzki6, Fumio Abe20,

Richard Barry21, David P. Bennett21,22, Aparna Bhattacharya21,22, Ian A. Bond23, Hirosane Fujii20,24,

Akihiko Fukui25,26, Ryusei Hamada7, Yuki Hirao27, Stela Ishitani Silva21, Yoshitaka Itow20, Rintaro Kirikawa7,

Naoki Koshimoto7, Yutaka Matsubara20, Shota Miyazaki28, Yasushi Muraki20, Greg Olmschenk21,

Clément Ranc29, Nicholas J. Rattenbury30, Yuki Satoh7,31, Daisuke Suzuki7, Mio Tomoyoshi7,

Paul J. Tristram32, Aikaterini Vandorou21,22, Hibiki Yama7, Kansuke Yamashita7

Exoplanets classified as super-Earths are commonly observed on short-period orbits, close to their

host stars, but their abundance on wider orbits is poorly constrained. Gravitational microlensing is

sensitive to exoplanets on wide orbits. We observed the microlensing event OGLE-2016-BLG-0007, which

indicates an exoplanet with a planet-to-star mass ratio roughly double the Earth-Sun mass ratio, on

an orbit longer than Saturn’s. We combined this event with a larger sample from a microlensing

survey to determine the distribution of mass ratios for planets on wide orbits. We infer that there

are ~0.35 super-Earth planets per star on Jupiter-like orbits. The observations are most consistent with

a bimodal distribution, with separate peaks for super-Earths and gas giants. We suggest that this

reflects differences in their formation processes.

I
nformation about the formation and evo-

lution of planetary systems is encoded in

the distribution of exoplanet masses and

orbital separations. Many exoplanets have

been observed on short-period orbits (P <

1 year, where P is the orbital period), includ-

ing large numbers of super-Earths (planets

larger than Earth but smaller than Neptune)

(1–4). This terminology is qualitative, so dif-

ferent classes of exoplanet can be defined in

terms of planetary radius, planetary mass, or

planet-star mass ratio (q), depending on the

observing technique.We classify Earth-like and

super-Earth planets as those with logq < –4.5.

For longer-period orbits (P > 1 year), only the

frequency of larger planets (gas giants and

ice giants) has been determined (5–7). The

population of smaller planets, including super-

Earths, on orbits with P > 1 year is poorly con-

strained. Microlensing is sensitive to such

planets (Fig. 1).

Gravitational microlensing occurs when a

foreground object (referred to as the lens) passes

between an observer and a background object

(the source). This focuses the light from the

source, causing a transient apparent increase

in the source light curve (its brightness as a

function of time). For microlensing events in
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which both the lens and source are stars, this

brightening typically lasts several months.

If the lens star is orbited by a planet with a

suitable alignment, an additional brighten-

ing is superimposed on the light curve, lasting

days or hours. Super-Earth planets are chal-

lenging to detect with microlensing because

they often cause only a small brightening of the

light curve for only a few hours. Light curves

measured by a single observatory have gaps due

to the day-night cycle or poor weather. There-

fore, detecting super-Earth planets by use of

microlensing usually requires combining data

from multiple observatories to provide a con-

tinuous light curve.

We analyzed data from the Korea Micro-

lensing Telescope Network (KMTNet), which

has telescopes at three widely separated sites

(8). Each telescope provides 2 to 40 observa-

tions per night of the same target region, so the

network provides densely sampled light curves

(9–11). Microlensing events with planets are

identified in the KMTNet data by the semi-

automated pipeline ANOMALYFINDER (12, 13).

A long-period super-Earth planet

Themicrolensing event OGLE-2016-BLG-0007

was initially identified as an ongoing micro-

lensing event by the Optical Gravitational

Lensing Experiment (OGLE) on 2016 February

10 (14, 15). It was also observed by KMTNet

and the Microlensing Observations in Astro-

physics (MOA) collaboration. Our analysis of

the KMTNet datawith ANOMALYFINDER (16) iden-

tified an additional bump in the light curve.

The light curve including data from all three

groups is shown in Fig. 2. The bump has a low

magnification of Abump ≃ 1:09, which peaked at

time tbump ~ 25 September 2016 at 00:00 Uni-

versal Time (UT), corresponding to ~7656.5HJD′

(where HJD′ is the heliocentric Julian date

minus 2,450,000), and lasts forDtbump~ 2.1 days.

The bump is superimposed on a standard stellar

microlensing curve with parameters (t0, u0, tE) =

(7498.4 HJD′, 1.253, 73.8 days), where t0 is the

time of the peak of the event (which corre-

spond to ~2016 April 19 UT 21:30), u0 is the

impact parameter between the source and lens

stars, and tE is the event timescale. We in-

vestigated whether the bump was caused by a

small planet orbiting the lens star.

There are three possible configurations that

could produce this light curve (fig. S2). We

investigated each and found that the most

plausible solution (theWidemodel) is a plan-

et with a projected location more than one

Einstein radius (qE; the characteristic spatial

scale of the event) from the lens star. The two

other possible configurations involve either

a larger planet (higher q) located less than

one Einstein radius from its star or a second

(much fainter) source star rather than a plan-

et (17). We modeled both of these alternate

possibilities (16) but rule them out at high

confidence (Dc2 = 38.5 and 145.6, respectively)

(table S1).

The Wide model indicates that the separa-

tion s between the host star and the planet is

s = 2.83 ± 0.01 qE (values are medians and

68% confidence ranges, unless otherwise stated)

and themass ratio q=6.79 × 10
−6
(logq= –5.17 ±

0.13).ThismakesOGLE-2016-BLG-0007Lb(where

the final L designates the lens star and b de-

signates the planet orbiting that star) a super-

Earth planet. Its mass ratio is roughly double

that of the Earth and Sun: qEarth≡MEarth/MSun=

3× 10
−6
, whereMEarth andMSun are themasses

of Earth and the Sun, respectively.

We combined the microlensing parameters

with a model of the distribution of stars in the

Milky Way (16) to estimate the likely lens mass,

finding 0:59þ0:41
�0:30MSun , and its distance from

the Sun, finding 4:3þ1:1
�1:4 kpc. These values imply

a planet with a mass of mp ¼ 1:32þ0:91
�0:67MEarth

on an orbit with semimajor axis a ¼ 10:1þ3:8
�3:4 au

(where au is the astronomical unit, approx-

imately the distance from the Earth to the

Sun), and period P ¼ 39þ21
�9 years (Table 1).

These properties correspond to a super-Earth

planet with an orbital period longer than

Saturn’s. Such planets are commonly produced

by population synthesis models (18) but are

absent in previous observations of normal (main

sequence) stars (Fig. 1). The only other planet

similar to OGLE-2016-BLG-0007Lb was found

in orbit around a pulsar (19). We excluded

planets orbiting pulsars from Fig. 1 and our

discussion because the supernova that pro-

duced the pulsar would have strongly affected

its local planetary system, and the detected

pulsar planets might have formed after the

supernova (20).

Mass ratio distribution from microlensing

To investigate the population of planets detected

with microlensing, we combined OGLE-2016-

BLG-0007Lb with the other planets identified

in the KMTNet survey using ANOMALYFINDER.

Our dataset consists of observations from

KMTNet seasons 2016 to 2019. All planets

with logq > –4 are from the 2018 and 2019

KMTNet seasons (13, 21–23). Planets with

logq< –4 are rarer, so for thosemass ratios, we

expanded the sample to planets identified in

the 2016 to 2019 KMTNet seasons (12, 24, 25),

including OGLE-2016-BLG-0007Lb. In to-

tal, our sample consists of 63 planets identi-

fied in 60 microlensing events observed with

KMTNet.

To determine the sensitivity of the ANOMALY-

FINDER algorithm and KMTNet observations,

we injected simulated planet signals into

measured light curves from the 2018 and 2019

seasons then determined the fraction of those

that were recovered by the algorithm (16). The

sensitivity functions were calculated sepa-

rately for the 2018 and 2019 seasons; we found

that they are very similar, especially at logq <

–4 (fig. S1). KMTNet maintained the same

observational setup from 2016 to 2019, with

only minor changes owing to routine main-

tenance, so we assume 2016 and 2017 ob-

servations have a sensitivity function equal

to the average of the 2018 and 2019 sensitiv-

ity functions.

We corrected the number of planet detec-

tions using the sensitivity functions for each

year to determine the underlying planet dis-

tribution. This determined the planet frequency

distribution from logq = –5.2 to logq = –1.5. The

lower limit is set by OGLE-2016-BLG-0007Lb,

which has a mass ratio of logq = 5.17, the low-

est in the sample. Over this range (–5.2 < logq <

–1.5), the total planet frequency is 0:65þ0:35
�0:15

planets per star per dex (where dex is one dec-

ade in logs). For super-Earths, which we as-

sume occupy the range –5.2 < logq < –4.5 (the
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upper limit would correspond to a ~10MEarth

planet orbiting a 1MSun host), there are0:35
þ0:34
�0:14

planets per star per dex.

In Fig. 3A, we show the distribution of log-

arithmic mass ratios logq for the planet detec-

tions and the corresponding planet distribution

after correction by the sensitivity function.

The bin size changes at logq = –4 because four

seasons (2016 to 2019) of detections were con-

sidered for logq < –4, but above that, we used

only the 2018 and 2019 seasons. For –6.0 <

logq < –5.25, we show the upper limits on the

planet frequencies from Poisson statistics. We

show 1s limits because a substantial popula-

tion of planets could be consistent with the

nondetections.

We fit the distribution using a single power-

law function

dN

d log q
¼ 0:18T0:03

q

10�4

� ��0:55T0:05

ð1Þ

where N is the number of planets per star,

finding that it qualitatively reproduces the

data. The cumulative distribution of individ-

ual detections as a function of logq is shown in

Fig. 3B, compared with the power-law model

corrected by the sensitivity function. The slight

break in the model distribution at logq = –4

reflects the change in the number of observa-

tional seasons used in the analysis above and

below this point.

Planet-formation theory does not predict a

single power law distribution from super-Earths

to gas giants. For example, in the core-accretion

planet-formation scenario, runaway gas accre-

tion occurs once a proto-planet exceeds a crit-

ical mass, causing them to rapidly grow from

tens to hundreds of Earth masses (26–28). This

process would produce two separate popula-

tions of planets in different mass regimes, one

at ~10MEarth and one above ~100MEarth, with

a deficit between them. The alternative grav-

itational instability scenario produces gas

giant planets through direct collapse of a proto-

planetary disk (29) but does not produce lower-

mass rocky planets, which must form through

a different mechanism. This would also pro-

duce a population of gas giants (with masses

above ~100MEarth) and a separate population

of less massive planets.

We therefore investigated whether there is

evidence for two populations in our derived

mass ratio distribution. There is a sharp change

in the slope of the cumulative mass ratio dis-

tribution (Fig. 3B) at logq = [–3.6, –3] (also vis-

ible as a slight dip at logq = [–3.5, –3] in Fig.

3A). Because logq = –3.2 for a ~100MEarth

planet orbiting a 0.5MSun star, this is approx-

imately where we expect the division between

planets that have and have not undergone run-

away gas accretion. In addition, there appear

to be other changes in the slope of the cumu-

lative mass ratio distribution at both the high

(logq > –2) and low (logq < –5) ends (Fig. 3B).

The power-law model predicts four planets

with –6 < logq< –5 in theKMTNet sample, but

only one has been detected, which has a prob-

ability of 9% assuming a Poisson distribution.

We reproduced these features by fitting the

data with a double-Gaussian function of logq

(Fig. 3)

dN

d log q
¼ A1 � 10n1 logq�logqpeak;1ð Þ

2

þ

A2 � 10n2 logq�logqpeak;2ð Þ
2

ð2Þ

which has two peaks at logqpeak;1 ¼ �4:7þ0:2
�0:3

and logqpeak,2 = –2.6 ± 0.1 (equivalent to 7.4 ×

qEarth and 770 × qEarth, respectively), with am-

plitudesA1 ¼ 0:52 T 0:13 andA2 ¼ 0:058 T

0:013, and n1 = –0.73 ± 0.35 and n2 = –1.8 ±

0.6, where n
�1=2
1 and n

�1=2
2 are the effective

widths of the Gaussians.

Quantitatively, the double-Gaussian is a bet-

ter fit than the single-power law by –2DlnL =

22.6, where DlnL is the difference in the log-

arithmic likelihoods of the models (16). We

calculated that the false-alarm probability

p is 1.60 × 10
−4

for observing a –2DlnL = 22.6

preference for a double-Gaussian model if the

true distribution is the power law described

above (16). This indicates statistical preference

for the double-Gaussianmodel over the power

law model, despite the increased number of

free parameters. We also regard the double-

Gaussian model as more consistent with theo-

retical predictions because it has logq peaks

in the expected ranges of two classes of planets

formed by runaway gas accretion.

Integrating each Gaussian separately from

logq = –5.2 to –1.5 yields 0.57 ± 0.13 planets per

star per dex in the lower–mass ratio Gaussian

and 0.053 ± 0.013 planets per star per dex in

the higher–mass ratio Gaussian.

Comparison with previous work

Independent of the specific functional form of

the mass ratio distribution, our results indi-

cate an abundance of super-Earths in Jupiter-

like orbits. This was not evident in previous

studies of the microlensing mass ratio distri-

bution, which found a mass ratio distribution

described by a broken-power-law with a sharp

break around logq ~ –4 (5, 30, 31). By contrast,

we found no evidence for a break at either

logq = –3.77 or –4.26 as found in those studies.

The change in slope we identified in the cu-

mulative mass ratio distribution did not pre-

viously appear (5). In fig. S9, we compare the

two cumulative distributions; the previous

work found an overabundance of planets from

logq = –3.5 to –3.0, relative to a smooth dis-

tribution, which contributed to the previous

Fig. 1. Periods and mass ratios for planets detected with different methods. Data points indicate all

exoplanets cataloged on 30 July 2023 (42) and are color-coded by detection method. The magenta star indicates

OGLE-2016-BLG-0007Lb (error bars indicate 68% confidence intervals for this planet but are omitted from

all other planets). Colored images indicate six Solar System planets for comparison: Venus, Earth, Jupiter,

Saturn, Uranus, and Neptune. Solid magenta circles are our collated sample of planets from the KMTNet

microlensing survey; open magenta circles are other planets detected with the microlensing technique. The

microlensing detections include planets with mass ratios corresponding to super-Earths with Jupiter-like

orbital periods.
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preference for a broken power-law distribu-

tion (5). Differences in themethodologymight

contribute to these differences in the inferred

distributions (supplementary text).

Our mass ratio distribution is more con-

sistent with a previous microlensing study of

only nine planets, the smallest of which had

logq = –4.32 (6). That study also did not find a

change in slope in the cumulative mass ratio

distribution in the range logq = [–3.6, –3], but

nor was there an overabundance of planets in

that range. We attribute this to the low number

of planets included in that study. The power-law

model that study fitted to the data in the range

–4.9 < logq < –1.4 is consistent with our power

lawmodel though has larger uncertainties (6).

Another study of six microlensing planets

spanning logq = [–4.5, –2] found that three of

those planetswere in the range logq= [–3.6, –3]

(32). This is a greater proportion than we

found, but we assess that the small number of

planets included in that study or differences in

methodology could explain the differencewith

our results (supplementary text).

Comparisons between microlensing results

and planets detected by using the alternative

radial velocity technique are complicated be-

cause the twomethods are sensitive to planets

on different orbits (33) and measure different

quantities (mass mp or mpsini, where i is the

inclination of the orbit, rather thanmass ratio).

In addition, the properties ofmostmicrolensing

host stars are not measured, whereas radial

velocity studies generally group their results by

host star spectral type. We nevertheless discuss

how our results compare with those from ra-

dial velocity studies (supplementary text).

Implications for planet formation

We compared our results with predictions from

theoretical simulations of planet formation. A

direct, quantitative comparison is challenging

because the host stars of microlensing planets

span a wide range of masses, and the mass of

any particular host star is usually unknown or

poorly constrained. Previous comparisons (34)

have shown that the population of microlensing

planets is not consistent with the theoretical

predictions, especially when the simulations

include the effect of planet migration (35, 36).

We qualitatively compared our mass ratio

distribution with predictions from simulations

[(34), their figure 2]; we found that they are

not consistent if the simulations include planet

migration. However, alternativemodels (37, 38)

without migration produce two distinct pop-

ulations of planets, which is qualitatively simi-

lar to our derived distribution, although the

locations and heights of the peaks differ from

our fitted values. Other models (39, 40) with-

out migration are also qualitatively consistent

with our observations, although updated ver-

sions of those models do not form any giant

planets around stars <0.5MSun (18). Because

A

B

C

D

Fig. 2. Light curve of OGLE-2016-BLG-0007. Data points are color-coded by source (16) and shown with

1s error bars. Lines indicate the best-fitting model light curves for a single star (gray dashed line) or a star with an

orbiting planet (solid black line). (A) All observations of the event taken in 2016. (C) Zoomed view of the same

light curve, showing the low-amplitude, short-duration anomaly in OGLE-2016-BLG-0007. We interpret this as

indicating a planet with a mass ratio of logq ~ –5. (B and D) Residuals from the best-fitting planetary model.

Table 1. Derived system parameters for OGLE-2016-BLG-0007Lb. Uncertainties are 1s.

Parameter Symbol Value Units

Planet/host mass ratio q 6:9þ2:3
�1:9 � 10�6 —

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Planet mass mp 1:32þ0:91
�0:67 MEarth

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Host mass Mhost 0:59þ0:41
�0:30 MSun

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Lens distance DL 4:3þ1:1
�1:4 kpc

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Two-dimensional host–planet separation a
⊥

8:9þ2:3
�2:9 au

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Semimajor axis a 10:1
þ3:8
�3:4 au

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Planet orbital period P 39þ21
�9 year

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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any type of star can produce a microlensing

event, many of the events are expected to be

produced by the most abundant type of star,

those of <0.5MSun. We derived a giant planet

(–4 < logq < –1.5) frequency of 12:3þ3:9
�2:6%. This

can only be consistent with the lattermodels if

the great majority of microlensing events with

giant planets are produced by host stars with

masses of Mhost = 0.7MSun and above.

We conclude that the two separate popula-

tionswe identified in themass ratio distribution

indicate differentiation during the planet-

formation processes. This could be explained

by a single planet-formation scenario in which

the two populations are produced by runaway

gas accretion for planets aboveamass threshold.

Alternatively, the two populations could be

produced by different formation mechanisms:

accretion and gravitational instability (41).
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A B

Fig. 3. Mass ratio distributions of microlensing planets from our KMTNet sample. (A) The observed

number of planet detections (cyan; right axis) and the derived planet frequency distribution (blue; left

axis) after correction by the sensitivity function (fig. S1). The horizontal lines correspond to the width of the

histogram bins. Error bars indicate 1s Poisson uncertainties and 1s upper limits. Overlain are two models

fitted to the data: a single power law (black line) and a double Gaussian (magenta line); shaded regions

indicate 68% confidence intervals. (B) The same two fitted models multiplied by the sensitivity function

and expressed as a cumulative distribution. The cyan histogram is the measured cumulative distribution from the

KMTNet sample. The power law model predicts more planets in the range –3.5 < logq < –3 than were detected.

The double Gaussian model is also a better match to the data at both high q and low q ends of the distribution.
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CHEMICAL PHYSICS

Ultrafast aqueous electric double layer dynamics
Alessandro Greco1, Sho Imoto1, Ellen H. G. Backus1,2, Yuki Nagata1,

Johannes Hunger1, Mischa Bonn1*

The electric double layer (EDL) is critical in electrochemical capacitors and transistors, on-water

chemistry, and bioelectric technologies. Ion dynamics within the EDL define the limits for charging

and discharging processes. Classical EDL models struggle at high electrolyte concentrations, and

observing EDL dynamics has been challenging. In this study, an all-optical technique allowed real-time

monitoring of EDL dynamics at arbitrary concentration by quasi-instantaneously changing the surface

propensity of protons (H3O
+) adsorbed at the air-aqueous electrolyte solution interface and by

subsequently tracking EDL relaxation with femtosecond time-resolved spectroscopy. EDL reorganization

occurred on picosecond timescales and was strongly concentration dependent. Nonequilibrium

molecular dynamics simulations and analytical modeling showed that ion conduction primarily drove

EDL dynamics. This research quantified EDL dynamics and identified its primary driver, providing insights

for optimization of electrochemical applications.

A
n electrically charged surface in contact

with an electrolyte solution causes the

formation of an electrical double layer

(EDL) (1, 2). In the EDL, mobile ions in

the electrolytemove to balance the charge

of the surface, resulting in an inhomogeneous

distribution of charges. This inhomogeneity

generates substantial interfacial electric fields,

which determine the double-layer capacity of

electrochemical supercapacitors (3), regulate

the functioning of electrochemical transistors

(4), are crucial in electrocatalysis (5), and pro-

vide a distinctive platform for on-water chem-

ical reactivity (6–8).

At low ion concentrations of the electrolyte,

the distribution of ions near charged inter-

faces and their dynamics can be describedwell

with mean-field models, such as the Gouy-

Chapman and Debye-Falkenhagenmodels (9),

respectively. However, the above-mentioned

applications typically involve high electrolyte

concentrations and surface charge densities,

where these mean-field approaches fail. Never-

theless, the structure of the EDL at high elec-

trolyte concentrations can be interrogated

using both experimental (10–13) and compu-

tational methods (14–16). For example, the

spatial distribution of ions near a charged in-

terface can be inferred from the electrostatic

forces of the EDL. Also, the electronic proper-

ties of interfacial silica, as determined from

x-ray photoelectron spectroscopy, provide in-

formation on the absolute surface potentials,

which are intimately connected to the EDL

(17, 18).

In contrast to the EDL structure, insights

into EDL dynamics have remained elusive,

despite their importance: For applications such

as supercapacitors or electrosynthesis, the sur-

face charge is not constant, and variations in

surface charge cause the EDL to restructure

with ions moving in response to the altered

electric field. At high concentrations, this re-

sponse is typically fast, as this EDL restructur-

ing involves the displacement of ions over short

distances (19). Such dynamics are challenging

to study electrically, as the system’s response

is limited by characteristic resistor-capacitor

times of the electrochemical assembly (20).

Further, the dynamics may be influenced by

specific interactions (21), which complicate

the interpretation of experimental data. For

example, at high electrolyte concentrations,

specific interactions of ions with the interface

as well as interionic and ion-water interac-

tions can impose constraints on the ions’ dis-

tribution and their mobilities. These additional

constraints may counteract the forces exerted

on the ions by the interfacial electric fields,

raising the question of whether, even at high

electrolyte concentrations, EDL dynamics are

primarily driven by the conductive response to

interfacial electric fields or hindered by these

specific interactions.

In thiswork,we studied thepristinedynamics

of an EDL by focusing on the air-electrolyte

interface using nonlinear time-resolved vibra-

tional sum-frequency generation (TR-vSFG)

spectroscopy (22). vSFG (23) is able to indi-

rectly probe the interfacial electric fields in

the EDL through the degree of field-induced

alignment of the water molecules (24, 25).

We used a subpicosecond temperature jump

(T-jump) to induce ultrafast EDL restructuring,

whichwemonitored in real timewith TR-vSFG

and which occurred on a timescale of tens of

picoseconds. Molecular dynamics simulations

showed that the vSFG signals were excellently

suited to follow the EDL dynamics. Decompo-

sition of the driving forces using a continuum

model suggested that the ions’ dynamics were

governed by interfacial electric fields even at

high electrolyte concentrations, which we con-

firmed experimentally by studying temperature

and concentration-dependent EDL dynamics.

Molecular details of the isolated EDL structure

To study the EDL independently of electrode

material and geometry, we used its spontane-

ous formation at the surface of acidic aqueous

solutions. Solvated protons (mainly hydronium

ions, H3O
+
or D3O

+
) were stably located at the

surface of a solution of HCl in H2O (or, equiv-

alently, DCl in D2O) (26, 27). This stabilization

was due to themismatch between the hydrogen

bonding of solvated protons and that of water

(28). As a result, solvated protons, in contrast to

Cl
–
, exhibited a substantial surface propensity,

enriching the charge in the surface plane and

attracting Cl
–
counterions in the subsurface

region, thereby forming the EDL (Fig. 1A).

The electric field within this EDL induced

the alignment of the interfacial water mole-

cules, which could be probed by the vSFG sig-

nal, I wð Þ, of the O–D stretch mode in the D2O

solution (29). This water alignmentwas direct-

ly evident in Fig. 1B from comparing O–D

stretch vSFG spectra for pure D2O, DCl solu-

tions, and 1.0 M NaCl solution in D2O at 10°C.

The sharp ~2730 cm
−1
peak indicated the pres-

ence of free O–D groups, and the broad band

below 2650 cm
−1

arose from H-bonded O–D

groups in the EDL (25). Adding NaCl to water

had a negligible effect on the vSFG signal be-

cause Na
+
and Cl

–
, unlike H3O

+
, do not exhibit

a pronounced surface activity (14, 30). By con-

trast, the addition of DCl to D2O reduced the

free O–D peak intensity and enhanced the

H-bonded O–D intensity. The reduction of

the free O–D peak intensity arose from the free

O–Ddisplacement by the accumulation ofD3O
+
,

and the enhanced H-bonded O–D intensity in-

dicated enhanced water alignment in the EDL

(30) (Fig. 1A). Figure 1B shows the increase in

vSFG intensity with increasing proton concen-

tration, which was due to the increased align-

ment of water by an increasingly strong EDL

field. The formation of the EDL was further

confirmed by molecular dynamics simulations.

The simulated excess charge distribution in

Fig. 1C evidenced an interfacial highly positive

peakattributable to thepresence ofH3O
+
, which

was compensated by the presence of Cl
–
in

the adjacent region, resulting in an interfacial

electric field that vanishes ~10 Å from the

interface for the 1.0 M HCl solution. Lower-

ing the HCl concentration reduced the ab-

solute interfacial ionic densities, excess charge,

and interfacial electric field, with the latter

extending more deeply into the bulk.

Control of the isolated EDL structure

The adsorption free energy driving the accu-

mulation of H3O
+
ions and, thus, the formation

of the proton peak at the air-water interface

(~4 kJ/mol) (30, 31) is comparable to room-

temperature thermal energy (~2.5 kJ/mol).
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Consequently, the interfacial proton popula-

tion was expected to be sensitive to temper-

ature (Fig. 1D). Indeed, the water alignment

in the interfacial EDL of DCl (aq) as probed by

vSFG was sensitive to temperature variation,

as evident by a marked decrease of the vSFG

intensities in the O–D stretch region with in-

creasing temperature (Fig. 1E). In fact, the de-

crease in the vSFG signal was much more

pronounced in the presence of DCl than in its

absence (Fig. 1E, inset). Quantitatively, the de-

crease in the vSFG signal upon a 50°C temp-

erature increase (Fig. 1E) resembled the changes

in the vSFG signals upon a 10-fold decrease in

the bulk DCl concentration (Fig. 1B), indicat-

ing that the elevated temperature caused de-

sorption of protons from the interface. Indeed,

molecular dynamics simulations showed that

increasing temperature by 20°C resulted in a

marked decrease in the interfacial proton den-

sity and the adjacent Cl
–
ions in the EDL (Fig.

1F). Hence, upon increasing temperature, pro-

tons desorbed from the interfacial layer, which

resulted in a reduction of the interfacial electric

fields that alignedwatermolecules in the EDL.

T-jump for inducing and monitoring

EDL dynamics

The thermally induced desorption of protons

fromthe interface and rearrangementof theEDL

paved the way for monitoring the EDL relaxa-

tion in real time by using a quasi-instantaneous

T-jump. We achieved this T-jump with an ad-

ditional infrared (IR) pump pulse capable of

raising the local temperature by up to 40°C in

about 1 ps. The IR pump pulse with temporal

and spectral full width at half maximum of

~300 fs and ~80 cm
−1
, respectively, and cen-

tered at 2490 cm
−1
was in resonance with the

O–D stretch band of D2O. The impulsively ex-

citedO–D stretchmode rapidly relaxes through

bending (centered at ~1200 cm
−1
) and libration

(centered at ~600 cm
−1
) modes, which transfer

energy to thermally accessible low-frequency

modes centered at ~<200 cm
−1
(32–34). The new

equilibrium at elevated temperatures, with ad-

justed hydrogen bonding strengths and water

orientation, is reached in about 1 ps. Thus, the

excitation leads to quasi-instantaneous heat-

ing of the outermost few micrometers of the

aqueous solution (35, 36). The nanometer-

thickEDL regionwas therefore homogeneously

heated. We followed the thermally induced

changes to the interfacial water by recording

the vSFG spectra as a function of time after

the IR pump pulse. Figure 2A shows the vSFG

spectrum 209 ps after excitation with a 22.4 mJ

A B C

D E F

Fig. 1. Molecular details and control of the EDL structure. (A) Simplified

molecular scheme representing the difference in the interfacial environment for

pure D2O and 1.0 M DCl. The presence of adsorbed D3O
+ and subsurface Cl–

establishes the EDL in the DCl solution, which preferentially aligns the water

molecules. (B) vSFG spectra in the O–D stretch frequency region of pure D2O as

well as of DCl solutions and 1.0 M NaCl solution in D2O at 10°C testify to the

enhanced water alignment with increasing proton concentration. arb.u., arbitrary

units. (C) Simulation results: Green (left y axis) represents excess charge

distribution for 0.1, 0.3, and 1.0 M HCl solutions. Interfacial proton adsorption

caused positive excess; near-surface enhanced counterion concentration caused

negative excess. Dashed lines (right y axis) represent resulting interfacial ionic

electric field for 0.1, 0.3, and 1.0 M HCl solutions, normalized by the maximum

value of the field at 1.0 M. (D) Simplified molecular scheme representing the

temperature-induced desorption of interfacial protons and the decrease in overall

water alignment. (E) vSFG spectra of 1.0 M DCl solution at different surface

temperatures testifying to the reduced water alignment with increasing temper-

ature. The inset shows the reduction of the normalized averaged intensity

[DI(T)] upon heating for D2O and 1.0 M DCl. (F) Simulated ion distributions of

H3O
+ (blue) and Cl– (red) at 27°C (continuous line) and 47°C (dashed line),

illustrating the reduction of the EDL field at elevated temperatures.
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pulse, at which point the system had relaxed

and reached a steady state (see supplementary

materials). This spectrumoverlapped the spec-

trumof the electrolyte solution heated at 50°C.

The inferred ~40°C temperature increase cor-

responded well with calculations considering

the IR absorption and the specific heat of

water (see supplementary materials).

To analyze the thermally induced dynamics,

wemonitored the time-dependent average ratio

of excited to unexcited vSFG intensities across

the 2330 to 2580 cm
−1

region (Fig. 2B). For

pure D2O the change in vSFG intensity after

excitation occurred in 1 ps, with the vSFG sig-

nal being reduced by ~15% (Fig. 2B, inset): The

temperature increase triggers weakening of the

H-bonded network (37) and readjustment of

water organization and orientation, achieved

in about 1 ps. By contrast, the 1.0MDCl solution

showed a decaying vSFG intensity for tens of

picoseconds after the T-jump. Thus, in the pres-

ence of an EDL (see supplementary materials),

thewateralignmentprobedwithvSFGresponded

slowly, which was indicative of EDL relaxation.

To verify the origin of this slow response,

we carried out nonequilibrium molecular dy-

namics (NEMD) simulations of the HCl solu-

tion with the instantaneous T-jump. Figure 2C

displays the time evolution of the ion distri-

butions along the surface normal. After an

instantaneous increase of the temperature,

the distributions of both ions rearranged on a

timescale of tens of picoseconds, with inter-

facial protons clearly desorbing from the inter-

face. The gradual reduction of the interfacial

excess charges implied that the interfacial

electric fields decrease with time. Indeed, the

transient interfacial surface potential fNEMD
surface

(i.e., the integrated interfacial electric field)

calculated fromMD simulations shown in Fig.

2D decreased with time after the T-jump until

it equilibrated at longer delay times. Notably,

Fig. 2D reveals that the overall interfacial water

alignment DPz , calculated from the water

dipole vector’s z projection, aligns with the

surface potential dynamics. This correlation

indicates that water molecules in the EDL ra-

pidly adjust to interfacial electric fields, aswater

reorientation (~1 ps) (38, 39) is much faster

than ion redistribution (tens of picoseconds).

Thus, the vSFG spectral intensity determined

by the water orientation serves as a real-time

indicator of interfacial electric fields during

EDL relaxation, even under transient condi-

tions: The time-dependent spectra of the TR-

vSFG experiments could directly monitor the

EDL relaxation process in real-time.

EDL dynamics is primarily driven

by conduction

To dissect the different driving forces that give

rise to the thermally induced rearrangement

of ions in the EDL, we analytically modeled

the evolution of the ion distributions obtained

from theNEMD simulations using amean-field

description. The T-jump perturbs the system’s

equilibrium by inducing proton desorption,

which alters the surface charge density, while

simultaneously modifying the dielectric func-

tion and changing the Debye length. Two

main driving forces act to bring the EDL back

at equilibrium: (i) diffusion of the now excess

concentrations caused by the altered inter-

facial adsorption potentials (e.g., due to inter-

action of ions with water) and (ii) conduction

of the now excess charges in the altered inter-

facial electric fields (i.e., classical EDL relax-

ation according to the Debye-Falkenhagen

model).

To discriminate between these two driving

forces,weused amean-field analytical approach

based onmodified Poisson-Nernst-Planck (PNP)

equations (9, 40, 41), which include an adsorp-

tion potential in addition to the usual diffu-

sion and conduction terms. This description

was equivalent to the Smoluchowski (S) dif-

fusion equation (42) for adsorbed charged

particles, meaning that both adsorption and

electrostatics contributed to the potential and

gave rise to the potential of mean force. The

equilibrated initial and final ion distributions

were obtained from MD simulations (Fig. 1F).

The Poisson-Nernst-Planck-Smoluchowski

(PNPS) equations read:

1

Dþ

@cþ z; tð Þ

@t
¼ ∇½∇cþ z; tð Þ þ

∇Uþ zð Þ
cþ z; tð Þ

kBT
�

e

kBT
cþ z; tð Þ∇f� ð1Þ

A B

C D

Fig. 2. Effect of the T-jump on ions and water alignment. (A) Time-resolved vSFG spectra of 1.0 M DCl

solution before and 209 ps after the T-jump. The unexcited heated spectrum of 1.0 M DCl solution at 50°C is

shown as a red line to show the comparison of the static heated data and time-resolved data. (B) Time-

resolved traces of the integrated vSFG spectra excited with ~20.0 mJ of excitation energy. Solid lines show

fits using eq. S1 from the supplementary materials. The inset highlights the 1-ps variation of the time-resolved

trace of D2O due to the T-jump (black line to guide the eye). (C) Time evolution of the ion distributions

from NEMD simulations and simplified molecular scheme representing the thermally induced proton

desorption following the T-jump. (D) Time-dependent interfacial electric surface potential fNEMDsurface and depth-

integrated projection of the water dipole vector along the z-direction DPz from NEMD simulations after a

T-jump. Both quantities are shown as the difference between their values at t = 0 and 1 ns, normalized to

their initial values.
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1

D�

@c� z; tð Þ

@t
¼ ∇½∇c� z; tð Þ þ

∇U� zð Þ
c� z; tð Þ

kBT
þ

e

kBT
c� z; tð Þ∇f� ð2Þ

Df z; tð Þ ¼ �
F

e0er
cþ z; tð Þ � c� z; tð Þ½ � ð3Þ

Here, e is the elementary charge; kB is the

Boltzmann constant; T is the absolute temper-

ature; er and e0 are the relative and vacuum

permittivity, respectively; and F is the Faraday

constant. Dþ and D� are the diffusion coeffici-

ents,cþ andc� are the time (t)– anddistance (z)–

dependent ion densities, and f is the electrostatic

potential from the ions. From the equilibrated

PNPS equations, we obtained the temperature-

dependent adsorption potentials for H3O
+
and

Cl
–
, denoted as Uþ and U� , respectively (Fig.

3A).Uþ had a markedminimum at z = 1 Å, the

origin of H3O
+
adsorption at the interface.

Conversely,U�was predominantly repulsive at

the interfacial region and exhibited nomarked

preferential adsorption in the liquid phase.

Hence, the enhanced subsurface Cl
–
population

(Fig. 1F) stemmed predominantly from the

electrostatic attraction to interfacial protons.

Upon raising the temperature, both adsorp-

tion and electrostatic potentials varied, result-

ing in an instantaneous excess of protons Dcþ
and chlorides Dc� after the T-jump (Fig. 3A).

Starting from the equilibrium distribution at

ambient temperature, we used Eqs. 1 to 3 to

numerically evolve in time the distributions of

cations cþ and anions c� at an elevated tem-

perature. Through these ion distributions, we

calculated the time variation of the surface

potential fPNPSsurface: In Fig. 3B, we show that using

a diffusion coefficient D± = 0.13 D±,bulk in the

PNPS equations, fPNPSsurfaceexcellently agreed with

fNEMD
surface. We noted that the discrepancy between

the experimental D±,bulk values at infinite di-

lution and D± values required to model the

NEMD results presumably stemmed from a

combination of finite concentration effects

and an underestimation of the H3O
+
diffusivity

(which dominated the response) by the classi-

cal force field MD simulations (43), which did

not allow for H
+
Grotthuss hopping (see sup-

plementary materials). This notion was further

supported by the faster decay of the experi-

mentally determined variation of the water

alignment (Fig. 2B) as compared to the simulated

data in Fig. 2D. As we show below, using the

experimental Dbulk at finite concentration pre-

dicted the experimentally detected EDL relax-

ation well. Despite these discrepancies between

NEMD and experiments with respect to absolute

timescales, the agreement between the NEMD

and PNPS results demonstrated that the essen-

tial driving forces for theEDLrestructuring could

be captured by both methods well. Additionally,

the PNPSmodeling even allowed us to calculate

the time evolution of fPNPSsurface of 0.1 M, for which

equilibrium ion distributions could be reliably

obtained fromMD, but NEMD did not provide

sufficient statistics to quantify the dynamics.

Having established quantitative agreement

between NEMD simulations and mean-field

modeling, we dissected the driving forces for the

EDL relaxation. We quantified the impact of

(i) diffusion and (ii) conduction by comparing

the full PNPSmodel (U+ f)with thePNPSmodel

without conduction (U
noC

) (see supplementary

materials). Figure 3C shows the dynamics of the

surface potentials fsurfacewith and without con-

duction for three concentrations. For all concen-

trations, equilibrationwas substantially accelerated

when conduction was included. We fit single

exponential decays to themodeled evolutions of

the surface potential, obtaining the total PNPS

relaxation rate kU+f and the rate without con-

duction kUnoC . By rewriting kU+f ¼ kUnoC þ kf ,

where kf is the Debye-Falkenhagen relaxation

rate (which is conduction-driven),wecouldquan-

tify the contributions of theDebye-Falkenhagen

relaxation to the observed dynamics. We found

that kf≈ 2kUnoC at all concentrations (see sup-

plementary materials), indicating that con-

duction dominated the observed double-layer

relaxation. Despite the complex EDL structure

and pronounced adsorption potential due to

specific proton-water interactions, our findings

suggest that EDL dynamics can be reasonably

well described by classical EDL relaxationwith-

in the Debye-Falkenhagen model framework.

Experimental EDL relaxation agrees

quantitatively with Debye-Falkenhagen

To test this hypothesis, we experimentally de-

termined the EDL relaxation using TR-vSFG

A B C

Fig. 3. Dissecting the driving forces with mean-field representation. (A) Adsorption potentials Uþ and U� before and after the T-jump and variation of the ion

distributions (D = final – initial; c+ in light blue, c
–
in orange) for 1.0 M HCl solution in H2O. (B) Evolution of DPz from simulation (circles) and surface potential, both

from simulations (diamonds) and modeling (dashed line) for 0.3 and 1.0 M HCl solutions in H2O. (C) Evolution of surface potential from the modeling with (thick

dashed line) and without (thin dashed line) considering the conduction term for different HCl concentrations. In (B) and (C), quantities are shown as the difference

between their values at t = 0 and 1 ns, normalized to their initial values.
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with varying ionic strength (DCl concentra-

tion), varying counterion (Cl versus Br, fig. S3),

and as a function of the magnitude of the

T-jump (IR pumppulse energy). Figure 4, A and

B, shows the temperature and concentration-

dependent T-jump vSFG experiments for DCl

solutions, revealing faster relaxation at higher

temperatures and solute concentrations. For

quantitative analysis (see supplementary mate-

rials), we extracted the experimental relaxation

timescale, texp, by fitting an exponential function

to the EDL relaxation data, with the obtained

relaxation time indicated by the symbols in Fig.

4C. texpwas both temperature and concentration

dependent and ranged from 20 to 200 ps.

According to the Debye-Falkenhagen model,

the relaxation of the EDL by redistribution of

the ions is governed by the bulk mobility of the

ions (their bulk diffusion coefficient Dbulk) and

the typical screening length of the double layer

(Debye length, lD): The Debye-Falkenhagen re-

laxation time could be estimated from tDF ¼
l2D=Dbulk ¼ e0er=cbulkL, where L is the molar

conductivity of the electrolyte and cbulk is the

bulk concentration of the electrolyte (9, 40, 44).

Note that the concentration and temperature

dependence of tDF thus stemmed from the con-

centration and temperature dependence of er,

cbulk, and L. Figure 4C illustrates that the esti-

mated tDF values agreed well with the experi-

mental results. Hence, although the molecular

complexity of the interface and the concentra-

tion and charge density ranged far beyond the

range wheremean-fieldmodels, such as Gouy-

Chapman and Debye-Falkenhagen, are consid-

eredapplicable, theEDLrelaxationwaspredicted

with reasonable accuracy by using the simple ex-

pression for tDFwith no adjustable parameters.

Our study highlighted the complex inter-

play between specific interactions and classi-

cal electrostatic forces in the nonideal EDL at

the air-acidic solution interface. Our results

demonstrated the robustness of the mean-

field PNPS equations for describing EDL dy-

namics. For protons at the air-water interface,

relevant to on-water and atmospheric chem-

istry, the PNPS formalism can be simplified

to the Debye-Falkenhagen theory for EDL re-

laxation, providing accurate predictions of EDL

dynamics despite its presumed inapplicability

at high concentrations and surface charge

densities. Also, the PNPS formalism applies

broadly to EDL-based devices with solid elec-

trodes, such as double-layer capacitors, elec-

trochemical cells, and field-effect transistors

(see supplementary materials); in conduction-

driven systems, the EDL relaxation timescale is

largely independent of the details of the elec-

trode and equilibrium perturbation. Diffusion

processes may dominate in some of these sys-

tems, potentials can be substantially higher

than those studied in this work, and solvation

effects can be rate limiting (45, 46), which will

cause the simplified Debye-Falkenhagen for-

malism to break down. Yet, our results suggest

that (appropriately modified) PNPS equations

may still provide an adequate description. For

our system, the intrinsic limit of EDL response

approximates the Debye-Falkenhagen time-

scale, serving as a benchmark for response time

and representing the inherent high-frequency

limit for the operation of these systems. This

study advances our understanding of EDL

dynamics at high concentrations, providing

insights for the design of various electrochem-

ical devices.
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AGRICULTURE

Conventional and organic farms with more intensive
management have lower soil functionality
Sophie Q. van Rijssel1†‡, Guusje J. Koorneef2,3†§, G. F. (Ciska) Veen1, Mirjam M. Pulleman3,4,

Ron G. M. de Goede3, Rob N. J. Comans2,5, Wim H. van der Putten1,6, Kyle Mason-Jones1,7*

Organic farming is often considered to be more sustainable than conventional farming. However, both

farming systems comprise highly variable management practices. In this study, we show that in organic

and conventional arable fields, the multifunctionality of soils decreases with increasing agricultural

management intensity. Soil organic carbon content and bacterial biomass, respectively, were the

strongest abiotic and biotic predictors of soil multifunctionality. Greater soil multifunctionality was

associated with less-frequent inversion tillage and higher frequency of grass-legume cover cropping, and

organic farming did not outperform conventional farming. Our results suggest that reducing

management intensity will enhance soil multifunctionality in both conventional and organic farming. This

implies that, in contexts where high-yielding, high-intensity agriculture prevails, the paradigm of

sustainable intensification should be replaced by “productive deintensification.”

S
oils perform numerous ecological func-

tions that underpin human and eco-

system health. In agricultural soils,

maximized crop yield may come at the

expense of soil functions, includingwater

retention (1),making agriculturemore sensitive

to drought, or of less-efficient nutrient cycling,

resulting in nutrient loss and pollution of water

bodies (2). Intensive agricultural management

can also reduce soil organic carbon (SOC) con-

tent and soil biodiversity (3, 4), both strong

determinants of soil functionality (5, 6). Thus,

increased crop yield may come at the cost of

multiple functions (multifunctionality) and

thus compromise soil health (7, 8). The multi-

functionality concept integrates soil functional-

ity trade-offs and synergies that may otherwise

be overlooked.With global soils facingmultiple

forms of degradation (9), there is a pressing

need to enhance soil multifunctionality in order

to produce food sustainably.

One widespread approach to improving soil

health is organic farming, in which natural

fertilizers and pest control are applied in place

of synthetic inputs (10). Indeed, organic farm-

ing systems are reported to outperform con-

ventional farming systems in numerous soil

functions (10) and in multifunctionality over-

all (11). However, it is unclear whether func-

tional differences are inherent to organic versus

conventional farming or whether they actually

originate from a combination of individual

management practices that could be applied

in either farming system (12, 13). It is also

important to understand whether agricultural

management affects functions directly, or in-

directly by altering the quantity or quality of

SOC (6) or the composition of soil biological

communities (14). Understanding the interplay

between management practices, SOC, biota,

and soil multifunctionality is crucial for estab-

lishing effective management targets and ap-

propriate indicators of agricultural sustainability.

Experiments have shownhowparticularman-

agement practices affect soil functions; for exam-

ple, it has been found that crop diversification

can enhance pest control and nutrient cycling,

reducing greenhouse gas emissions (15), and that

pesticide application can affect soil enzyme ac-

tivities (16). Comparison of multiple soil func-

tions between sites is facilitated by aggregating

the individual functions into a composite multi-

functionality score (8, 17). This strategyhas shown

that soil multifunctionality can, for example,

be promoted by organic management and re-

duced tillage (11), manure application (18), and

crop residue return (19).

Agricultural management is a multi-

dimensional combination of practices,making

comparisons between real farm systems chal-

lenging but nevertheless necessary for decision-

making by consumers and policy-makers. The

binary characterization of conventional versus

organic farming has attained widespread pub-

lic recognition and establishment within regu-

latory frameworks, despite comprising a range

of differentmanagementpractices (20). Analter-

native simplification is to aggregate manage-

ment practices into a composite management

intensity score (13, 21), analogous to scoring

multifunctionality. Applicable across both con-

ventional and organic agriculture, this approach

has the advantage that variability in practices

is better reflected.

The aim of the present study is to examine

how conventional versus organic farming, and

agricultural management intensity, influence

soil multifunctionality. We also determine

whether these relationships can be explained

by differences in the characteristics of SOC and

soil microbiota. We use the term “conventional

agriculture” as an analytical comparator in the

sense of Sumberg & Giller (22), to denote

farmswhose practices are not organic nor self-

identified as “alternative” agricultural practices,
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such as conservation or regenerative agricul-

ture (23, 24). Conventional farming represents

the mainstream agricultural practices of the

Netherlands, where our study was conducted.

Organic practices exclude synthetic fertilizers

and pesticides and are certified by “Stichting

Keur Alternatief voortgebrachte Landbouwpro-

ducten” (SKAL) (25). We hypothesize that (i)

organic agriculture outperforms conventional

agriculture in terms of soil multifunctionality

but that (ii) increasing agriculturalmanagement

intensity is negatively related to soil multi-

functionality in both organic and conventional

farming. Furthermore, we postulate that these

relationships are mediated by changes in soil

biology and SOC, and we therefore hypothesize

that (iii) soil biological and (iv) SOC character-

istics significantly explain variation inmultifunc-

tionality by reflecting management practices.

Assessment of management intensity and

soil multifunctionality

Our analysis is based on soils sampled across

the Netherlands from 53 organic and conven-

tional arable fields on two dominant mineral

soil types (26–29). The sandy soils are classified

as Anthrosols and clay soils as calcareous

Fluvisols (30), with the sand or clay distinction

accounting for the largest variation in pedo-

genic properties and therefore adopted as

shorthand descriptors (fig. S1 and table S1).

Sampled fields had comparable monocot crops

(winter or spring wheat, barley, spelt or winter

rye, or grass-legume mixtures as a representa-

tive cover crop). The organic fields varied in

age from 4 to 69 years of organic management,

with recently converted fields (0 to 3 years)

excluded. The multifunctionality analysis in-

tegrated soil function indicators for nutrient

cycling, decomposition, soil structure provision,

pathogen control, and water regulation into a

single multifunctionality score (materials and

methods and table S2). Each indicator was

scaled to the mean value for the respective soil

type. Transformed indicator values were then

averaged to obtain the aggregated multifunc-

tionality score for each field (materials and

methods) (17, 31). We applied multiple ap-

proaches to characterize SOC and soil biota

(Table 1 and table S3) andalso examinedwhether

multifunctionality relates to plant productivity

using the normalized difference vegetation in-

dex (NDVI) from a previous study (32).

Various management practices have been

previously used asmanagement intensity indi-

cators, including external inputs (13, 33–35),

organic residue removals (13, 33), mechanical

soil tillage (4, 33–35), and narrow crop rotations

(4, 35). We adopted a definition of management

intensity as the extent to which cropping prac-

tices alter soil processes (34). We used farm

interviews during the sampling campaign to

collect management data regarding organic

matter inputs (external inputs per hectare and

retention of crop residues), soil tillage (depth

and frequency), and crop rotation (diversity,

root and tuber crop frequency, and cover

cropping) and aggregated these into a single

management intensity score (materials and

methods and table S4). Management practices

can vary strongly and systematically by soil type,

so the same approach to scaling and aggregation

was applied here to each soil type separately,

as for soil function indicators.

Soil multifunctionality is reduced under higher

management intensity

Organic fields overall had lower management

intensity scores than conventional fields [Fig. 1A;

analysis of variance (ANOVA): F1,49 = 14.2, P <

0.001]. However, our results do not support

the hypothesis that organic fields outperform

conventional fields in terms of multifunction-

ality because this relationship was absent over-

all and when considering clay or sand fields

separately (Fig. 1B; ANOVA PConOrg > 0.3).

Nevertheless, there was a significant negative

relationship between management intensity

and multifunctionality when considering all

fields together (Fig. 1C; Spearman r = −0.30,

P = 0.028). The relationship between man-

agement intensity andmultifunctionality re-

mained significant for organic fields alone (P=

0.033) but not for conventional fields (P= 0.31)

(fig. S2). Given the consistent trend in both

farming systems (fig. S2; rOrg = −0.43, rCon =

−0.17), the statistical significance in the com-

bined analysis evidently benefited from the

statistical power of the larger dataset with

both management systems together. Growing

season NDVI of the study fields (32) was not

correlated to soil multifunctionality (Spearman

r = 0.23,P=0.095). Therefore, therewas neither

evidence of a synergy nor a trade-off between

soil multifunctionality and plant productivity.

Table 1. Overview of soil organic carbon (SOC) quality parameters considered in the analysis.

Abbreviation Description Unit Type

Total SOC Total soil organic carbon g C kg−1 soil Size of SOC
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

POXC Permanganate-oxidizable organic carbon g C kg−1 soil Size of SOC fraction
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

POXC:SOC
Permanganate oxidizable organic carbon, expressed as

proportion relative to total SOC content
g C g−1 C Proportion of SOC fraction

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

POMC SOC present as particulate organic matter (POM) (>50 mm), expressed in

g C kg−1 soil or as proportion relative to total SOC content (g C g−1 C)

g C kg−1 soil Size of SOC fraction
.. .. ... ... .. ... .. ... ... .. ...

POMC:SOC g C g−1 C Proportion of SOC fraction
.. .. ... ... .. ... .. ... ... .. ...

PyroC:SOC Total pyrolyzable SOC, expressed as proportion relative to total SOC content (g C g−1 C) g C kg−1 soil Proportion of SOC fraction
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAOMC SOC present as mineral-associated organic matter (MAOM) (<50 mm), expressed

in g C kg−1 soil or as proportion relative to total SOC content (g C g−1 C)

g C kg−1 soil Size of SOC fraction
.. .. ... ... .. ... .. ... ... .. ...

MAOMC:SOC g C g−1 C Proportion of SOC fraction
.. .. ... ... .. ... .. ... ... .. ...

StableC:SOC
Centennially persistent SOC, expressed as proportion relative to

total SOC content (g C g−1 C)
g C kg−1 soil Proportion of SOC fraction

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Bulk_CN The organic carbon-to-total-nitrogen ratio (C:N) of the bulk soil g C g−1 N Element ratio
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

POMC:N
The carbon-to-nitrogen ratio (C:N) of the fraction of coarse organic matter

(>50 mm), that mainly consists of POM
g C g−1 N Element ratio

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAOMC:N
The carbon-to-nitrogen ratio (C:N) of the fraction of fine organic matter

(<50 mm), that mainly consists of MAOM
g C g−1 N Element ratio

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

OI Oxygen index, a proxy for the oxygen:carbon ratio of soil organic matter mg O2 g
−1 C Element ratio

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

T50pyr_CH
The temperature at which 50% of the carbon has converted to volatile

hydrocarbon (i.e., CH) effluents during pyrolysis.
°C Thermal stability

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

T50pyr_CO2 The temperature at which 50% of the carbon has converted to CO2 during pyrolysis °C Thermal stability
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

T50ox_CO2 The temperature at which 50% of the carbon has converted to CO2 during oxidation °C Thermal stability
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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We further analyzed the multifunctionality

scores while disaggregating management inten-

sity into its seven different component practices:

crop diversity, crop intensity, percentage grass-

legume in the rotation, external organic matter

inputs (e.g., compost, manure), tillage depth,

time since the last inversion tillage, and crop

residue removal (Fig. 2; fig. S9 shows the

corresponding analysis of management inten-

sity related to individual functions). Time since

the last tillage significantly increased the multi-

functionality score—which remained significant

when disaggregating the fields by conventional

and organicmanagement—andwasmarginally

significant in clay soils alone (table S5). The

percentage of amixed grass-legume cover crop

in the rotation also had a significant effect on

multifunctionality (Fig. 2C), which was driven

especially by its effect in sandy soils (table S5).

External organic matter inputs, tillage depth,

crop diversity, and other factors were not sig-

nificantly related to multifunctionality on their

own, but sensitivity analysis indicated that crop

diversity, crop residue removal, and tillage depth

also contributed to the strength of the observed

relation (table S6).

Soil organic matter, not soil microbiota,

strongly predicts multifunctionality

Although C sequestration is a soil function,

we excluded biological and SOC parameters

from our multifunctionality scores. By consid-

ering these parameters separately, we were

able to test their hypothesized relationships

to other aspects of multifunctionality. Soil

multifunctionality was significantly correlated

with 8 out of 16 SOC parameters, with the

strongest relationship to total SOC content

(Fig. 3; Spearman r = 0.63, Padj < 0.001).

SOC quality parameters representing the size

of different SOC pools were all strongly posi-

tively correlatedwithmultifunctionality [Fig. 3;

permanganate-oxidizable C (POXC), partic-

ulate organic matter C (POMC), and mineral-

associatedorganicmatterC (MAOMC)].However,

these SOC parameters were also strongly cor-

related to total SOC content (fig. S5). Total SOC

C:N ratio and thermal stability parameters did

not show any relationships to multifunction-

ality. Consistent but weaker trends were ob-

servedwhen clay and sandy soilswere analyzed

separately (fig. S6), whereas relationships be-

tween SOC parameters and multifunctionality

were generally insensitive to multifunctional-

ity indicator composition (tables S7 and S8).

Including SOC content as a soil function would

have made the negative relationship between

management intensity and multifunctional-

ity somewhat stronger (Spearman r = −0.34,

P = 0.014).

Soil multifunctionality did not show any cor-

relation with biological soil parameters (fungal

biomass; nematode abundance; and the com-

position, richness, and diversity of microbial or

nematode communities; Fig. 4 and fig. S3),

except for a positive relationship with bacte-

rial biomass (Fig. 4; r = 0.42, Padj = 0.031),

which was driven by sandy soils (fig. S3; clay:

r = 0.16, Padj = 0.73, sand: r = 0.77, Padj <

0.001). Bacterial biomass may have appeared

as a significant factor owing to its positive

relationship with total SOC (fig. S4; r = 0.38,

P = 0.005). Total SOC content therefore

emerged as the strongest predictor of soil multi-

functionality from the wide range of biological

and SOC indicators considered in our study.

Total SOC content also showed amarginally

significant relationship to management inten-

sity overall (Spearman: r = −0.31, Padj = 0.051),

as well as a direct relationship to time since

tillage (fig. S7; Spearman: r = −0.44, Padj =

0.008) and cover cropping (Spearman: r =

−0.39, Padj = 0.011). Higher management

intensity was also reflected in a decline in

the absolute and relative pool size of POMC

(fig. S8; Padj = 0.005 and 0.019, respectively)

and was positively correlated with one of

two indicators of pyrolytic stability (fig. S8;

T50pyr_CO2, Padj = 0.019). Of these, POMC

pools corresponded to higher multifunction-

ality (Fig. 3) and were strongly correlated to
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Fig. 1. Relationships between farming system,

management intensity (MI), and soil

multifunctionality (MF) across 53 farms

in the Netherlands, on sandy and clay soils.

(A) Organic management is less intensive than

conventional management (ANOVA: F1,49 = 14.2,

P < 0.001) with no effect of or interaction with

soil type. (B) The farming system does not,

however, predict soil multifunctionality (ANOVA:

not significant for farming system, soil type,

and interactions). (C) Management intensity

is negatively related to soil multifunctionality

across both organic and conventional manage-

ment systems (Spearman correlation illustrated

with linear regression).
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Fig. 2. Relationships between individual man-

agement intensity indicators and soil multifunc-

tionality. (A) Crop intensity, determined as the

frequency of root and bulb crops in the rotation.

(B) Crop diversity in the rotation. (C) Grass-legume

cover cropping (inverted indicator so that less

cover cropping corresponds to higher intensity).

(D) External organic matter inputs (inverted

indicator). (E) Tillage depth. (F) Time since last

tillage (inverted indicator). (G) Crop residue

removal. Intensity indicators are scaled to the mean

of the respective soil type.
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total SOC content (fig. S5). Direct effects of

management were therefore strongly reflected

in SOC parameters, which in turn appears to

influence multifunctionality.

The composition of aggregated indicators

for management intensity and multifunction-

ality is crucial in such analyses. A sensitivity

analysis examined the effect of omitting indi-

vidual functions ormanagement indicators. In

most cases, the relationship between manage-

ment intensity andmultifunctionality was con-

served with at least marginal significance

(Spearman: r = −0.24 to −0.37; P = 0.006 to

0.088). However, two parameters (percentage

grass-legume cover in the rotation, and time

elapsed since the previous tillage) were essen-

tial to the identified trend, and the removal

of either resulted in the loss of the significant

relationship (table S6). By contrast, exclu-

sion of external organic matter input greatly

enhanced the strength and significance of the

relationship between management intensity

and soilmultifunctionality (Spearman r =−0.37,

P = 0.006). This finding was confirmed by

repeating the sensitivity analysis without con-

sidering external organic matter inputs: The

significance of the relationship was then robust

to the removal of other functions or manage-

ment intensity indicators (Spearman r = −0.29

to −0.42; P = 0.001 to 0.029) except for cover

cropping (r = −0.24, P = 0.083).

Discussion

Our aggregatedmetric of management inten-

sity was a better predictor of soil multi-

functionality than the organic/conventional

dichotomy, suggesting that reductions in man-

agement intensity can potentially improve soil

functionality in both farming systems. How-

ever, there was a difference between the two

systems, because organic farming had a lower

average management intensity score than con-

ventional farming, as well as a wider variation

of management intensities (coefficient of var-

iation of 0.42 and 0.26 for organic and conven-

tional, respectively). The wide range of organic

management intensities may explain why or-

ganic systems together did not have signif-

icantly higher multifunctionality overall. This

variability may also explain why the relation-

ship between management intensity and multi-

functionality remained significant for organic

farms when these were analyzed separately,

but not for conventional farms. We do not con-

clude that multifunctionality is unresponsive

to management intensity in conventional fields

but foresee that conventional farmers will

need to explore novel approaches to reduce

their management intensity to enhance soil

multifunctionality.

Although sensitivity analysis confirmed that

multiple components of agricultural practice

and soil functionality contribute to the broader

relationships, the approach masks underlying

mechanisms that may require targeted investi-

gation to demonstrate individual effectiveness.

T50ox_CO2 T50pyr_CH T50pyr_CO2 OI

POMC:SOC MAOMC:SOC StableC:SOC PyroC:SOC

Bulk_CN POMC:N MAOMC:N POXC:SOC

Total SOC POXC POMC MAOMC

0.950 0.975 1.000 1.025 1.050 0.98 1.00 1.02 0.98 1.00 1.02 1.04 0.8 0.9 1.0 1.1 1.2

0.50 0.75 1.00 1.25 1.50 0.8 1.0 1.2 1.4 0.7 0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 1.1 1.2

0.8 1.0 1.2 .41 0.9 1.2 1.5 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4

0.5 1.0 1.5 2.0 0.75 1.00 1.25 1.50 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

M
F

 s
c
o

re

0.6

Fig. 3. Relationships between soil organic carbon parameters and soil

multifunctionality (MF score). Soil organic matter parameters (Table 1) are

scaled to the mean of the respective soil type, consistent with the scaling applied

to the multifunctionality indicators. Total SOC: Total soil organic carbon in the

bulk soil; POXC: pool size of permanganate-oxidizable C; POMC: pool size of

particular organic matter C; MAOMC: pool size of mineral-associated organic

matter C; Bulk_CN: C:N ratio of bulk soil; POMC:N: C:N ratio of POM; MAOMC:N:

C:N ratio of MAOM; POXC:SOC, POMC:SOC, and MAOMC:SOC, respectively:

POXC, POMC, and MAOMC as proportions of total SOC; StableC:SOC: centennially

persistent SOC predicted from RockEval measurements as proportion of total

SOC; PyroC:SOC: pyrolyzable SOC as proportion of total SOC; T50ox_CO2:

temperature for 50% conversion of SOC to CO2 during oxidation; T50pyr_CH:

temperature for 50% conversion of SOC to volatile hydrocarbons during

pyrolysis; T50pyr_CO2: temperature for 50% conversion of SOC to CO2 during

pyrolysis; OI: oxygen index. Significant (nonparametric) Spearman correlations

are illustrated by linear regression lines.
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Reduced tillage frequency and the use of grass-

legume cover crops influenced multifunction-

ality most, suggesting that these practices will

contribute to greater soil health (5) in both or-

ganic and conventional agriculture. Our results

support less-intensive management to increase

soil health in high-yielding agricultural land.

In this context, the paradigm of sustainable

intensification may be contradictory because

management intensification undermines soil

multifunctionality. We propose that “produc-

tive deintensification” is a more appropriate

aim, meaning “an optimization of yield while

reducing management intensity.”

Locating this study in the Netherlands has

implications for the scale of management in-

tensity that we observed, and our results and

conclusions should be seen in the context of

high-intensity, high-yielding agriculture pre-

vailing in northwestern Europe. In particular,

several components of management intensity

may be considerably lower in regions where

agriculture is less industrialized (36). By con-

trast, both organic and conventional arable

farms in the Netherlands have historically re-

ceived considerablymore animalmanure than

in many other regions (37). Furthermore, rela-

tionships between management intensity and

yield are expected to vary between contrasting

regions. Although no region can represent the

variability of agricultural practice globally,

the inverse relationship we observed between

management intensity and multifunctionality

across a large dataset suggests a general re-

levance for comparable contexts.

The weak relationship between soil bio-

diversity and multifunctionality contrasts with

several other studies (38, 39), but such relation-

ships are not consistently observed within a

single climatic region (40). Larger fauna, not

considered here, may influencemultifunction-

ality (5). However, these organisms strongly

influence soil microbial communities (41), and

we found little correspondence between micro-

bial abundance and multifunctionality or be-

tween diversity and multifunctionality. Our

results also indicate that biodiversity is less

important for multifunctionality than the func-

tions provided by the biotic community (42),

which might be better characterized by meta-

genomicormetatranscriptomic analysis or food-

web structure (43).

We observed robust associations between

SOC properties and soil multifunctionality

(tables S7 and S8), with total SOC contents,

followed by POMC content, as the strongest

predictors. Notably, POMC content (and mar-

ginally total SOC) was also negatively related

to management intensity, corroborating the

responsiveness of this pool to management (44)

and suggesting that it may be an important

mediator of management effects. Our results

support the straightforward use of total SOC

content as an integrative indicator of soil mul-

tifunctionality that is not only easily andwidely

measured but also the best predictor among a

wide range of SOC properties (29).

If soil multifunctionality is enhanced by re-

ducing management intensity, the question

arises whether yield can be simultaneously

sustained to preserve productivity and farm

economic viability. This is particularly relevant

when considering increasing regulatory res-

trictions on fertilizer inputs and pesticides.

Cropdifferences, variable allocation to harvested

biomass, and confounding weed cover make

NDVI a coarse proxy for yield. Nonetheless, as

an approximation of plant productivity (32),
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Fig. 4. Relationships between soil biological parameters and soil multifunctionality. Biological parameters are scaled to the mean of the respective soil type,

consistent with the scaling applied to the multifunctionality indicators. Significant (nonparametric) Spearman correlations are illustrated by linear regression lines.
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NDVI did not show any significant relation-

ship to management intensity or multifunction-

ality. We also note that some fields achieved

high scores across multiple multifunctionality

indicators, several of which support plant pro-

ductivity. This finding suggests that stringent

trade-offs need not arise between multifunc-

tionality and yield. Confirming this will require

empirical work to verify causal relationships

between practices and functions, in which

long-term consequences for agronomic and

environmental performance are monitored.

Ultimately, soil multifunctionality will need to

be optimized under local environmental con-

ditions to enhance the sustainability of food

production systems. Our results suggest that

this might be best achieved not by targeting

sustainable intensification but rather produc-

tive deintensification.
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SIGNAL TRANSDUCTION

Bottom-up reconstruction of functional death fold
signalosomes reveals a requirement for polymer
stability and avidity
Mauriz A. Lichtenstein1†, Fakun Cao1†, Finn Lobnow1†, Paulina Dirvanskyte1, Daniel Weyhenmeyer1,

Anna Kulesza1, Elke Ziska1, Randal Halfmann2, Marcus J. Taylor1*

Protein polymer scaffolds composed of death fold (DF) proteins are critical to the formation of

signalosomes in immune signaling. The biophysical properties that these polymeric scaffolds require for

signal transduction are not clearly defined. Here, we engineered single-component DF signalosomes.

We found that functionality depends on the stability provided by the DF polymer, which could also

be achieved with a bacterial DF domain, a synthetic filament-forming domain, and amyloid-like

sequences. This demonstrates the importance of polymer stability and inducibility irrespective of the

motif’s origin. By varying the number of included TRAF6 interaction motifs, we demonstrate that avidity

is a tunable property that can control the amplitude of signaling outputs. This work lays out a

reductionist framework to elucidate the required signaling properties through polymeric scaffolds by

adjusting their assembly kinetics, stability, and avidity.

A
s cells navigate the informational content

of their environment, accurately inter-

preting extracellular signals and trans-

ducing them intracellularly is critical for

survival. A recurrent regulatory theme

in signal transduction is the compartmental-

ization of biochemical reactions into multi-

protein complexes called signalosomes (1–3).

To understand how cells sense and respond

to chemical inputs, we need to understand how

signalosomes assemble, recruit, and activate

effector proteins. Signalosomes in the innate

immune system use molecular scaffolds; after

a trigger, protein monomers in solution un-

dergo cooperative assembly into higher-order

filaments (3–6). The polymeric filaments at

the core of these signalosomes are composed of

death fold (DF) domain superfamily proteins

or Toll-interleukin-1 receptor (TIR) domain–

containing proteins (7, 8), two ancient protein

domains found in both bacteria and eukar-

yotes (9, 10). The signaling output of these

signalosomes is determined by the effector

proteins recruited to this scaffold, because the

oligomers form concentrated foci of effector

binding sites (11). Many DF-containing pro-

teins have binding motifs for the E3 ubiquitin

ligases of the tumor necrosis factor receptor

associated factors (TRAF) family (12), andTRAF6

activation serves as a convergence point for

1Max Planck Institute for Infection Biology, Berlin, Germany.
2Stowers Institute for Medical Research, Department of
Biochemistry and Molecular Biology, University of Kansas
Medical Center, Kansas City, MO, USA.
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multiple innate immune signaling scaffolds.

TRAF6 mediates lysine 63–linked polyubiqui-

tination, culminating in the activation of IkB

kinase (IKK) and inflammatory signaling

through the transcription factor nuclear factor

kB (NF-kB) (13). These unifying structural

features may indicate that signaling scaffolds

at the core of signalosomes have a common

signal transduction mechanism.

If innate immune oligomeric scaffolds have

a shared signaling mechanism, then a core

set of biophysical properties likely governs

their signaling output. However, despite shared

mechanistic features, innate immune signaling

scaffolds are diverse. Although signalosomes

commonly feature open-ended filamentous

assemblies, such as in the Rig-1-like receptor

complex (14) or the caspase recruitment domain-

containing protein 11–B cell lymphoma 10–

mucosa-associated lymphoid tissue lymphoma

translocation protein 1 (CBM) complex (15),

others feature stoichiometrically defined oligo-

mers, such as in the myddosome. They can also

consist of variable combinations of DF- or TIR

domain–containing proteins and function from

distinct cellular locations (11, 16, 17). This di-

versity has made it difficult to define the nec-

essary biophysical properties and the minimal

number of components required to assemble

a functional scaffold. Over the past decades,

detailed mechanisms of signalosome function

were determined by mutational or interaction

studies. These top-down approaches can char-

acterize the biochemical and cell biological

diversity that operates at individual signal-

osomes. However, to determine how these

signalosomes converge on TRAF6 and NF-kB

signaling, we need to define unifying design

principles spanning all signaling scaffolds. We

therefore took a bottom-up approach: building

a simplified signaling system that can be used

to reconstruct the behavior of signaling scaf-

folds de novo.

A single chimeric protein can functionally

replace a three-component innate

immune signalosome

Because protein domains encode functional

properties, by rearranging these domains and

creating a minimal functioning signaling unit,

we can identify which core properties are needed

for signalosome function. We aimed to do this

by reducing a multiprotein signalosome to its

core components by creating chimeric fusion

proteins. For our model system, we chose the

myddosome, a three-component signalosome

composed of MyD88, IRAK4, and IRAK1. Upon

Toll-like receptor (TLR) and interleukin 1 recep-

tor (IL-1R) activation, MyD88 is recruited and

forms TIR:TIR complexes with the receptor.

This leads MyD88 DF domains to oligomerize

and assemble with IRAK4/IRAK1 DF domains

to form the filamentous myddosome (18, 19).

TRAF6 is recruited to the myddosome through

TRAF6-binding motifs (T6BMs) in IRAK1

(Fig. 1A), sharing the amino acid sequence

PxExxZ (12) (where Z is an aromatic or acidic

residue). Ultimately, this leads to proinflam-

matory NF-kB signaling. To create an orthogonal

reaction system to test the chimeric proteins,

we created a triple-knockout (3xKO) cell line

for MyD88, IRAK4, and IRAK1 in EL4 mouse

lymphoma cells that also expressed TRAF6

tagged with mScarlet (fig. S1, A and B). The

3xKO cells cannot signal in response to IL-1

stimulation (fig. S1C), so any restoration of IL-1

signaling activation upon expression of chi-

meric proteins would show reconstitution of

a functioning signaling pathway. To deter-

mine the unifying design principles spanning

all innate immune signaling scaffolds, we de-

signed a system restricted to their common

features: the ability to read out information

from receptors and the presence of DF do-

mains and T6BMs.

We created three chimeric fusion proteins

containing all or some of these features. We

fused full-length MyD88 to the C terminus of

IRAK1 that contains three T6BMs, creating a

single chimeric MyD88 protein (Fig. 1B). We

called this system CHARMS (chimeric higher-

order assemblies for receptor-mediated signal-

ing). To identify the minimal sufficient scaffold,

we created two further chimeric proteins: a

construct consisting of the TIR domain of

MyD88 fused to the T6BMs of IRAK1 (CHARMS-

TIR; Fig. 1C, middle) and a version of chimeric

MyD88with the central glutamic acids of T6BM

mutated to alanine (CHARMS-3xA; Fig. 1C,

bottom), which abolishes the interaction with

TRAF6 (12). We expressed CHARMS in 3xKO

cells and found that it could qualitatively rescue

signaling, restoring the relocation of cytoplas-

mic RelA to the nucleus upon IL-1 stimulation

(Fig. 1C and fig. S1, D and E). Conversely, neither

CHARMS-TIR nor CHARMS-3xA could restore

RelA translocation (Fig. 1C and fig. S1E). Only

CHARMS restored downstream signaling out-

put, as measured by cytokine release (Fig. 1D).

Therefore, successful signaling appears to de-

pend on the DF domain and the recruitment

of TRAF6. Similar to wild-type (WT) cells, 3xKO

cells expressingCHARMSproducedphosphoryl-

ated IKK and activated mitogen-activated pro-

tein kinase signaling in response to IL-1 (fig.

S2), although with different signaling kinetics

thanWT cells. This shows that a single chimeric

fusion protein containing just the TIR and DF

domains of MyD88 and T6BM of IRAK1 con-

tains the necessary properties required for IL-1

signaling. This system allows us to determine

the essential properties required to activate

TRAF6 and NF-kB.

Like IL-1Rs, TLRs can signal through myd-

dosomes due to the homotypic interactions of

the TIR domains of MyD88 and TLRs (20, 21).

We therefore generated bone marrow–derived

macrophages from a MyD88-IRAK4 double KO

(2xKO) mouse (fig. S3) and reconstituted these

cells with CHARMS. The chimeric signalosome

restored signaling in the 2xKO cells in response

to the triggering of plasma membrane asso-

ciated TLR4 and two TLRs that signal from

intracellular membranes, TLR7 and TLR9 (22)

(Fig. 1E). With this experiment, we established

that our chimeric signalosome retained a key

property of myddosomes: the ability to read

out different receptors by interacting with TIR

domains of both IL-1R and TLRs. This also

shows that CHARMS can transduce signals

from diverse cellular locations with distinct

biochemical environments.

In cells, signalosomes that assemble around

oligomeric protein scaffolds form large cyto-

plasmic puncta that can be detected by fluores-

cence microscopy (23, 24). To confirm whether

our chimeric proteins retain this property, we

used total internal reflection fluorescence mi-

croscopy (TIRFM) and IL-1 incorporated into

supported lipid bilayers (25). Upon IL-1 stimu-

lation in a WT background, MyD88 forms

puncta, which increase in intensity and sta-

bly recruit TRAF6 (movie S1, Fig. 1F, and fig.

S4A). We only observed comparable molec-

ular dynamics for green fluorescent protein

(GFP)–tagged CHARMS with functional T6BMs

(movie S2, Fig. 1G, and fig. S4). Thus, CHARMS

can functionally replace the three-component

myddosome in living cells. It can also assemble

in response to receptor stimulation into large

signalosomes that have qualitatively similar

properties and signaling output to myddo-

somes. We conclude that CHARMS has the

required biophysical properties to activate

TRAF6, NF-kB, and downstream transcrip-

tional responses.

Reconstruction of functional

CHARMS signalosomes from diverse

filament-forming domains

We hypothesize that CHARMS requires at least

two properties for its signaling function: oligo-

merization into a scaffold and recruitment

of an effector. Both of these properties must

be controlled by receptor activation (6). The

MyD88 TIR and DF domains can both form

filamentous polymers (19, 26, 27) (Fig. 2A),

suggesting a degree of functional overlap in

their ability to create an oligomeric scaffold.

However, given that the DF polymer is re-

quired for signal transduction (18, 28) (Fig. 1, C

and D, and fig. S5), it remains unclear what

role the DF plays in a functional signalosome

that cannot be fulfilled by the TIR domain.We

therefore examined the ability of CHARMS-

TIR to recruit TRAF6 in live cells using TIRFM.

CHARMS-TIR assembled into cell surface

puncta in response to IL-1 stimulation but re-

cruited TRAF6 only transiently (Fig. 2, B and

C, and movie S3). Thus, the DF domain ap-

pears to be required for stable recruitment of

TRAF6 to the signalosome scaffold.
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If the DF domain encodes a discrete biochem-

ical property required for signaling, then we

would expect that it would be similar in dis-

tantly related members of the DF superfamily.

We chose a bacterial DF homolog, referred to

as the bacterial death fold (bDF) domain, which,

based on AlphaFold predictions, forms helical

filaments similar to the DF domain of MyD88

(19) (Fig. 2, A and D, and fig. S6A and B).

CHARMS-bDF formed puncta that recruited

TRAF6 for extended periods of time (Fig. 2D

and movie S4). Thus, a bacterial homolog of

the DF contains the requisite properties for

scaffold formation that allows it to be func-

tionally interchangeablewith amammalianDF,

Fig. 1. Single-component CHARMS has behav-

ior and signaling output similar to that of a

three-component innate immune signalosome.

(A) The myddosome is a three-component

signalosome that assembles and transduces

signals in response to TLR and IL-1R stimulation.

Critical to myddosome functionality are the TIR

domain, DF domain, and T6BMs. The formation of

this signalosome leads to the recruitment and

activation of TRAF6, resulting in NF-kB (p50/

RelA) translocation to the nucleus. (B) We

created CHARMS, a fusion protein combining

MyD88 and the IRAK1 C terminus with 3xT6BMs

(PxExxZ), to study innate immune signalosome

design principles. (C) Restoration of NF-kB

activation in response to IL-1 in 3xKO cells

expressing CHARMS. Left, schematic diagram of

the different CHARMS variants tested. Middle,

confocal micrographs showing the localization of

RelA after IL-1 stimulation. Dashed cyan outline

superimposed on the Hoechst images shows a

segmented nuclear outline used to measure RelA

nuclear staining (third column). Scale bar, 10 mm.

Right, quantification of the RelA nucleus intensity

in unstimulated and IL-1–stimulated cells. Distri-

butions of RelA nuclear intensity composed of

measurements taken from 1138 to 7789 cells.

(D) Restoration of cytokine release in response to

IL-1 stimulation in 3xKO cells expressing CHARMS.

We used the enzyme-linked immunosorbent

assay (ELISA) to measure IL-2 release in WT and

3xKO cells expressing CHARMS variants. IL-2

release was normalized to that of stimulated WT

cells and baseline corrected using unstimulated

3xKO (n = 3 independent replicates measured per

cell line). (E) Reconstitution of CHARMS in

primary macrophages derived from MyD88–/–,

IRAK4–/– (2xKO) mice restores TLR signaling

from the plasma membrane and intracellular

membranes. Schematic diagram depicts primary

macrophages with the subcellular localization of

the TLRs tested. Plots show IL-6 or tumor

necrosis factor a (TNF-a) release after stimula-

tion with TLR4, TLR7, or TLR9 agonists (n = 3

independent replicates measured per cell line).

TLR4 was stimulated with 100 ng/ml lipopoly-

saccharide for 4 hours, and TLR9 was stimulated

with 1 mM Cpg-B (ODN1668) for 6 hours to

measure IL-6 secretion. TLR7 was stimulated with

50 ng/ml Resiquimod (R848) for 8 hours to

measure TNF-a secretion. (F and G) IL-1–

triggered assembly of CHARMS into plasma

membrane–associated puncta that recruit TRAF6.

TIRF images show the recruitment of mScarlet-

TRAF6 to WT myddosomes (right) and CHARMS assemblies in cells undergoing IL-1 stimulation. Scale bar, 5 mm. Kymograph analysis shows an example of myddosome

formation (left) and CHARMS assembly (right) that recruit TRAF6. Kymograph was taken from the red line overlying the MyD88 and CHARMS images. Scale bar, 1 mm.

*P < 0.05, ****P < 0.0001. Bars represent mean ± SEM. Statistical significance was determined using an unpaired t test.
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Fig. 2. Functional replacement of the DF

domain by distantly related bacterial homo-

logs or synthetic filament-forming domains.

(A) MyD88 is composed of two domains that

can form filamentous polymers: the death

domain and the TIR domain. Shown are the

solved helical filament MyD88-DF domain

structure (PDB: 6I3N) and the AF2-predicted

filament of MyD88 TIR domains. (B to E) TIRF

microscopy was used to analyze TRAF6

recruitment to CHARMS variants reconstituted

in live cells. Shown is a TIRF image of the

merged CHARMS-TIR and mScarlet-TRAF6

channels, the red line overlay corresponds to

where the kymograph in (C) was taken. Scale

bar in (B), 2 mm. (C) CHARMS-TIR, which is

solely composed of the MyD88-TIR domain

fused to T6BMs, only transiently recruits

TRAF6. Left, AF2 prediction of the individual

domain and two views of the predicted

filamentous polymer [same structure as in

(A)]. Right, kymograph analysis showing tran-

sient mScarlet-TRAF6 recruitments to

CHARMS-TIR signalosomes in 3xKO cells.

Magenta asterisks on TRAF6 kymographs

highlight TRAF6 recruitment events.

Kymographs derived from red line–overlaid

TIRF images in (B). Scale bar, 1 mm. (D)

CHARMS-bDF, a construct containing a bDF

domain homolog from Nostoc sp. 106C

(NCBI WP_339376820.1), restored stable

TRAF6 recruitment. Left, AF2 prediction of the

individual domain and two views of the

predicted filamentous polymer. Right, kymo-

graph analysis shows stable mScarlet-TRAF6

recruitment to CHARMS-bDF signalosomes

in 3xKO cells. Scale bar, 1 mm. (E) CHARMS-

DHF, a construct containing a synthetic

filament-forming domain [(29) PDB: 6E9X],

restored stable TRAF6 recruitment. Left,

structure view of the individual DHF domain

and two views of the filamentous polymer.

Right, kymograph analysis shows stable

mScarlet-TRAF6 recruitment to CHARMS-DHF

signalosomes in 3xKO cells. Scale bar, 1 mm.

(F) Quantification of stable TRAF6 recruitment

events (≥40 s) to CHARMS signalosomes.

Shown is the percentage of total TRAF6

recruitment events that were stable per cell.

Violin plots show the distribution of stable

TRAF6 recruitment events per individual

cell across replicates. Mean percentages of

stable TRAF6 ± SEM were 20.6 ± 3.5%,

18.2 ± 1.1%, 1.6 ± 0.2%, 15.1 ± 2.6%, and

5.0 ± 1.0% for WT, CHARMS, CHARMS-TIR, CHARMS-bDF, and CHARMS-DHF respectively. Data points superimposed on the violin plots show the mean of

individual experimental replicates (n = 4, 4, 6, 3, and 5 independent experimental replicates for cells expressing myddosomes, CHARMS, CHARMS-TIR, CHARMS-bDF,

and CHARMS-DHF, respectively). (G) Reconstitution of CHARMS-bDF and CHARMS-DHF restored IL-2 release in 3xKO cells in response to IL-1 stimulation.

Enzyme-linked immunosorbent assay (ELISA) measurements of IL-2 release in EL4-MyD88-GFP/mScarlet-TRAF6 cells expressing all myddosome components

(referred to as WT in the figure) and 3xKO cells expressing CHARMS variants. The IL-2 release is shown as a fold change in the amount of IL-2 released

in IL-1–stimulated cells compared with that released from control unstimulated cells. WT, CHARMS, and CHARMS-TIR ELISA data are the same as presented

in Fig. 1C and are shown here for comparison with CHARMS-bDF and CHARMS-DHF. Bars represent mean ± SEM (n = 3 independent experimental replicates).

*P < 0.05, ***P < 0.001, and ****P < 0.0001. Statistical significance was determined using unpaired t test.
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suggesting a wider conservation across this

ancient superfamily.

If the propensity to form helical polymers is

conserved within members of the DF super-

family that assemble signalosomes (7), then

this structural feature may underpin the do-

main’s functionality. Therefore, unrelated pro-

tein domains that form qualitatively similar

helical structures in response to a stimulus

should be able to functionally replace the DF

domain. To test this, we replaced the DF do-

main with an in silico–designed helical fila-

ment (DHF) (29). CHARMS-DHF restored

stable TRAF6 recruitment in response to IL-1

stimulation (Fig. 2E and movie S5). Direct

comparison of all constructs showed that in-

troducing a filament-forming domain increased

the percentage of long-lived (≥40 s) recruit-

ment events compared with that observed in

the presence of CHARMS-TIR (Fig. 2F and fig.

S6, C and D). Such partial restoration of long-

lived TRAF6 recruitment corresponded to par-

tial restoration of cytokine release in response

to IL-1 (Fig. 2G and fig. S6E). Together, these

results show that CHARMS composed of di-

verse filament-forming oligomers contributes

to stable TRAF6 recruitment and signal trans-

duction. Therefore filament-forming oligomers

must contain part of the requisite biophysical

properties required for designing a functional

signalosome.

Stability is an emergent property

of polymeric scaffolds and is a requirement

for signal transduction

Although the TIR domain can form oligomeric

assemblies in response to IL-1, these are not

sufficient to recruit TRAF6 and transduce sig-

naling (Fig. 1, C and D, and Fig. 2, C and F).

Therefore, the DF, bDF, and DHF filament-

forming domainsmust share another property

that emerges from their capacity to oligomer-

ize and allow prolonged TRAF6 recruitment

with downstream signaling. One shared prop-

erty of the DHF and many structurally char-

acterizedDFs is high polymer stability (29, 30).

If oligomer stability is a property provided solely

by the DF and is essential for signal transduc-

tion, then we would expect it to be absent from

the nonfunctional CHARMS-TIR. We therefore

used fluorescence recovery after photobleach-

ing (FRAP) to compare protein turnover within

these assemblies. CHARMS, CHARMS-bDF, and

CHARMS-DHF formed stable assemblies with

no monomer turnover; by contrast, CHARMS-

TIR had monomer turnover (Fig. 3, A to E).

We conclude that, alongside oligomerization

and effector recruitment, an additional prop-

erty required for signalosome functionality is

polymer stability.

Although a single TIR domain could not cre-

ate a stable scaffold, stability canbe enhancedby

increasing the valency of interactions. Therefore,

we created a CHARMS consisting of a tandem

dimer of TIRdomains (CHARMS-2xTIR; fig. S7).

CHARMS-2xTIR could form puncta that display

high stability (fig. S7, A and B) and stably recruit

TRAF6 (fig. S7C). We conclude that by enhanc-

ingoligomer stability, a nonfunctional CHARMS

can be converted into a functional signalosome.

However, this CHARMS variant is no longer

under receptor control and is constitutively

active (fig. S7D).

It has beenproposed thatDFpolymersmimic

the static higher-order structures of amyloid

filaments (30), and amyloids can functionally

replace a DF in a receptor-activated cell death

pathway (31). To determine whether DFs and

amyloids are functionally interchangeable be-

cause of their ability to form stable polymers,

we used a synthetic sequence consisting of vary-

ing numbers of threonine-alanine (TA) dipep-

tide repeats (Fig. 3F and fig. S8A). This motif

assembles into amyloid-like filaments with a

stability that increases with repeat number

across the range of 10 to 20 (32, 33), allowing

us to test how the emergence of polymer sta-

bility relates to signaling. We found that in-

creasing the number of TA repeats leads to a

loss of FRAP recovery (Fig. 3, H to J). In par-

allel, this also increases TRAF6 recruitment

and signaling output upon receptor stimula-

tion (Fig. 3G; fig. S8, B to D; and movies S6

and S7), suggesting that polymer stability is

intrinsically linked to signalosome function-

ality. We conclude that the individual domains

of proteins that multimerize into functional

scaffolds that activate TRAF6 and NF-kB are

interchangeable as long as they together have

a set of emergent properties. These properties

of oligomerization, high stability, and effector

recruiting function must be controlled by re-

ceptor activation.

Signaling output can be titrated by changing

the number of effector recruiting motifs

Given that signaling output is a tunable response

across many signaling systems (34), we inves-

tigated which properties could achieve this. One

property that could control signaling output is

the density of T6BMs on the CHARMS scaf-

folds. The number of T6BMs varies in signal-

ing effectors; for example, IRAK1, IRAK2, and

IRAK3 each have three, two, and one T6BMs,

respectively (12). Because TRAF6multimeriza-

tion is required for further signal transduction

(35), the number of T6BMs potentially con-

trols the cooperative oligomerization and size

of TRAF6 multimers. Thus, depending on the

number of T6BMs, signalosomes might have

different recruitment kinetics, thereby affect-

ing how inputs are amplified. Our designed

CHARMS monomers had three effector bind-

ing sites (Figs. 1C and 2). We tested whether

the signaling output could be modulated by

lowering or increasing the T6BM multiplicity

on the monomer (Fig. 4A). At the molecular

level, the probability of TRAF6 recruitment

increased with CHARMS signalosome size

(fig. S9). Therefore, by changing the TRAF6

recruitment kinetics, we might change how

signalosomes transduce the input from the

receptor into a downstream response (Fig. 4A).

To test this, we created a synthetic TRAF6 ef-

fector recruiting domain containing one, three,

or five T6BMs (Fig. 4B and fig. S10). All of these

constructs formpuncta and recruit TRAF6 (Fig.

4B andmovie S8); however, the TRAF6 recruit-

ment to the CHARMS is modulated by the

multiplicity of T6BMs. Increased the multi-

plicity of bindingmotifs results in the forma-

tion of larger TRAF6 multimers associated

with the CHARMS scaffold (Fig. 4C and fig.

S11, A and B) and also increases the stability

of TRAF6 recruitment (Fig. 4D and fig. S11, C

and D). In addition, the efficiency and kinetics

of TRAF6 recruitment are directly modulated

by the multiplicity of binding motifs (Fig. 4E

and fig. S11, A, B, and E to G). Finally, increas-

ing themultiplicity of T6BMS elevates cytokine

secretion (Fig. 4F and fig. S12, A to C). Adding

moreT6BMs enhances signaling output in other

CHARMS variants, but cannot restore func-

tion to inactive variants (fig. S12, D to F). Thus,

signaling output can be amplified by increas-

ing the number of effector binding motifs on

the scaffolds.

Discussion

A major goal of biology is to understand how

functional biological systems are assembled

from their chemical constituents. Our results

help to reveal fundamental features of innate

immune signalosomes. We engineered a chi-

meric fusion of MyD88 with T6BMs, referred

to as CHARMS, and discovered that this single

protein fusion could functionally replace the

three-component myddosome (Fig. 1). The DF

domain of CHARMS is critical to signal trans-

duction but can be functionally replaced by

distant bacterial DF homologs or even syn-

thetic sequences that form either amyloid or

non-amyloid filaments (Figs. 2 and 3). We de-

fined two key parameters for functionality.

First, CHARMS require a high kinetic stability

to recruit TRAF6 assemblies capable of trans-

ducing downstream signals (Fig. 3). Second,

the local density of T6BMs within CHARMS

controls the properties of TRAF6 recruitment

and presents a way to influence downstream

signaling output (Fig. 4). Like many innate im-

mune signalosomes, CHARMS is composed of a

DF oligomer and transduces signals through

TRAF6 to the NF-kB pathway (11). Therefore,

the biophysical and biochemical parameters

that we identified as being critical to CHARMS

function may operate across a range of innate

immune signaling cascades.

We showed that a bacterial DF domain can

transduce information in a mammalian in-

nate immune signaling pathway. This supports

the idea that DF proteins have the requisite
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Fig. 3. DF domains or synthetic filaments provide high stability that is asso-

ciated with functional CHARMS signalosomes. (A to D) FRAP analysis of

CHARMS variants. Left, TIRF images of the CHARMS signalosomes before

photobleaching. The orange line on the TIRF images denotes the CHARMS assembly

subjected to photobleaching. Scale bars, 2 mm. Right, kymograph analysis of the

photobleached region. Kymographs derived from colored lines overlying the

TIRF images (left panel). Scale bars, 1 mm. (E) Quantification of the FRAP data

showing recovery of CHARMS-TIR but not of other constructs. Lines represent the

mean, and the shaded area corresponds to ±SEM. Means were calculated from

three independent replicates with nine or more regions of interest photobleached

per replicate. (F) ELISA measuring IL-2 release in WT and 3xKO cells expressing

CHARMS-Poly xTA variants. IL-2 release was normalized to that of stimulated

WT cells and baseline corrected using unstimulated 3xKO cells. Bars represent

mean ± SEM (n = 3 independent experimental replicates measured per cell line).

(G) Kymograph analysis showing stable mScarlet-TRAF6 recruitment to CHARMS-

20xTA signalosomes in 3xKO cells. Scale bar, 1 mm. (H and I) FRAP analysis of

CHARMS-Poly xTA variants. Left, TIRF images of the CHARMS signalosomes before

photobleaching. The orange line on the TIRF images denotes the CHARMS assembly

subjected to photobleaching. Scale bars, 2 mm. Right, kymograph analysis of the

photobleached region. Kymographs derived from colored lines overlying the TIRF

images (left panel). Scale bars, 1 mm. (J) Quantification of the FRAP data showing

that recovery decreases as the length of the Poly xTA repeat increases. Lines

represent the mean of experimental replicates, and the shaded area corresponds

to ± SEM. Measurements were taken from three independent replicates with

≥16 regions of interest photobleached per replicate. **P < 0.01, ***P < 0.001, and

****P < 0.0001. Statistical significance was determined using an unpaired t test.
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Fig. 4. The avidity of binding sites to TRAF6 is tunable and can modulate

signalosome properties and signaling output. (A) CHARMS connect to

TRAF6 through T6BMs, and this connection is required for TRAF6 activation

and NF-kB signaling. We propose that varying the number and density of

T6BMs on CHARMS scaffolds could change how the signalosome converts and

amplifies the input from the receptor into a downstream response. (B) We

designed CHARMS with one, three, and five T6BMs (PxExxZ): CHARMS-1x (top),

CHARMS-3x (middle), and CHARMS-5x (bottom), and reconstituted them into

3xKO cells. TIRF imaging confirmed that all three CHARMS variants could recruit

TRAF6. Scale bars, 2 mm. (C) Greater multiplicity of T6BMs increases the size of

TRAF6 assemblies associated with CHARMS. Left, schematic diagram of

CHARMS with one, three, and five T6BMs. Middle, density plot of the number of

TRAF6 assemblies on CHARMS. Light magenta shaded area represents TRAF6

assemblies designated TRAF6 multimers (≥4.5 TRAF6 molecules). Right,

quantification of the percentage of CHARMS signalosomes associated with

TRAF6 multimers. Violin plots show the distribution of individual cell measure-

ments. Colored dots superimposed on violin plots correspond to the average

value per cell across independent experimental replicates. Quantifications

are from n = 3 to 4 replicates with 13 to 37 cells measured per replicate.

(D) Multiplicity of T6BMs enhances the stability of TRAF6 at CHARMS

signalosomes. Left, histograms show the lifetime distribution of TRAF6 recruit-

ment to CHARMS signalosomes. Light magenta shaded area is the sum of

all events with a lifetime >40 s, which represents stable TRAF6 association with

CHARMS. Right, quantification of the percentage of long-lived (≥40 s) recruit-

ment out of all TRAF6 recruitment events. Violin plots show the distribution of

individual cell measurements. Colored dots superimposed on violin plots

correspond to the average value per cell across independent experimental

replicates. Quantifications are from n = 3 to 4 replicates with 13 to 37 cells

measured per replicate. Bars in (C) and (D) represent mean ± SEM. (E) The

multiplicity of T6BMs enhances the probability of TRAF6 recruitment. Cumulative

distribution function (CDF) showing the probability of TRAF6 recruitment

versus the size of CHARMS signalosomes. (F) The multiplicity of the T6BMs on

CHARMS changes cytokine release. ELISA was used to measure IL-2 release to

an IL-1 stimulation dose response. Grayscale lines show the mean of three

independent experimental replicates, and shaded areas correspond to ± SEM.

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical significance

was determined using unpaired t test [(C) and (D)] and one-way ANOVA

with Tukey’s correction (E).
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properties for accurate and inducible signal-

ing, a key requirement for immune signaling,

whichmust detect and respond to threats to cell

viability. This possibly explains the frequency of

DF domains in innate immune signalosomes

(36, 37) and the discovery of bacterial DFs in

putative phage defense systems (10). The re-

quirement for a stable scaffold to activate

TRAF6 could explain why receptor tyrosine

kinases (RTKs), G protein–coupled receptors,

and T and B cell receptors activate NF-kB sig-

naling through DF-containing signaling adap-

tors (38). Although the tyrosine kinase signaling

networks inRTKs andTandB cell receptors can

form signalosomes with liquid-like properties

and appreciable molecular turnover (39, 40),

the static nature of some DF polymers might be

crucial for anchoring TRAF6 to these dynamic

signalosomes, thereby facilitating NF-kB acti-

vation. In future studies, the CHARMS system

could be adapted to investigate how these sig-

naling pathways, composed of signalosomes

with different physical properties, are func-

tionally linked.

We found that synthetic proteins that as-

semble into qualitatively similar helical fila-

ments can assemble functional signalosome as

well. This is possibly attributed to the similar

helical oligomer structure, in which internal

subunits, by virtue of having multiple buried

interfaces, have lower off-rates and disassem-

bly can only proceed from the ends (7, 19, 29).

Although the MyD88 TIR domain also forms

filaments (26, 27), these assemblies are unsta-

ble and insufficient to support signal transduc-

tion. By contrast, an amyloid sequence that

can form stable polymers is able to function-

ally rescue a DF and assemble a scaffold that

can activate TRAF6 (Fig. 3). These findings sug-

gest that it is the emergent property of polymer

stability, rather than helical assemblies per se,

that determines functionality within a signal-

ing scaffold. Our finding that this property

requires receptor activation is consistent with

models showing that innate immune signaling

scaffolds use cooperative assembly and “seeded”

nucleation to create metastable systems primed

for activation (3, 5, 6, 30).

One implication of our results is the like-

lihood that unrelated protein foldsmight have

acquired equivalent properties to amyloid and

DF domains through convergent evolution. If

so, then the assembly of oligomeric scaffolds

may represent a more widespreadmechanism

in biology than currently recognized, serving

as a fundamental strategy for signal transduc-

tion. This work raises the possibility that these

properties could be created synthetically, open-

ing up the ability to construct synthetic or or-

thogonal signalosomes.

We have shown here that it is possible to

control the signaling output of a signalosome

by varying the multiplicity of effector binding

sites (Fig. 4). It has been proposed that DF

oligomers function as high-avidity scaffolds

that concentrate signaling effectors, thereby

compartmentalizing them within a signal-

osome (7, 11). Our results support this model

and also demonstrate that avidity is tunable

and can influence the conversion and ampli-

fication of an input into a downstream output.

We found that avidity changed the degree to

which a given input is amplified, which might

explain why the number of T6BMs varies across

different signaling effectors (12).
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ZEOLITES

Aluminum distribution and active site locations in the
structures of zeolite ZSM-5 catalysts
Przemyslaw Rzepka1,2,3*, Thomas Huthwelker4, Jiri Dedecek1, Edyta Tabor1, Milan Bernauer1,5,

Stepan Sklenak1, Kinga Mlekodaj1*, Jeroen A. van Bokhoven2,3*

Zeolites have exceptional catalytic performance in oil refining and chemical synthesis that can be

attributed to their well-defined porous structures that host active sites. This study pinpoints the exact

locations of aluminum atoms in ZSM-5 structures—a key zeolite catalyst. Aluminum siting governs

catalytic efficiency in acid and redox processes. Anomalous x-ray powder diffraction (AXRPD) at the

aluminum K-edge probes the long-range order of aluminum atoms within the ZSM-5 frameworks,

precisely quantifying both isolated aluminum atoms and Al(-O-Si-O-)xAl sequences (aluminum pairs).

Supported by nuclear magnetic resonance studies, AXRPD unambiguously determines the

crystallographic organization of aluminum pairs, recognized spectroscopically as a, b, and g sites, linking

their distribution to superior catalytic activity in propene oligomerization. This combined approach

provides essential insights for optimizing zeolite catalysts and enhancing their performance.

Z
eolites, which are used as heterogeneous

acid catalysts in oil refining and fine chem-

ical production (1–6), have robust crystalline

structures with well-defined, intercon-

nected pores (3, 7). The zeolite frameworks

consist of tetrahedrally coordinated silicon (Si)

and aluminum (Al) atoms (collectively T atoms)

linked by oxygen (O) bridges, which can be

arranged into various geometries and form

distinct channel systems with distinctive ad-

sorption and catalytic properties (8–10). Cur-

rently, 265 zeolite framework topologies have

been identified (11).

The distribution of Al atoms within zeolites

is a critical parameter that defines the per-

formance of catalytically active centers (1, 12).

The negative charge introduced by Al atoms

on the zeolitic lattice must be balanced by

extra-framework counterion species that serve

as active sites and exhibit acid (protons and

cations) and redox (transition metal ions) ac-

tivity (13–16). In Al-rich zeolites (Si/Al < 6), Al-

O-Si-O-Al sequences form so-called Al pairs

that dominate the structural organization of

a framework that can bind divalent cations.

In Si-rich zeolites (Si/Al > 10), Al atoms can

be present as isolated Al atoms, Al pairs, and

close Al atoms. Single Al atoms can stabilize

monovalent species; Al(-O-Si-O-)2Al sequences

acting as Al pairs are balanced by bare divalent

cations or host nearby monovalent species,

such as nearby protons in acid sites (4, 16–20).

When close Al atoms are present, Al(-O-Si-O-)3Al

sequences can accommodate aqua complexes

of divalent cations in a hydrated form of zeo-

lite. For Si-rich zeolites, the distribution of

Al can be influenced by synthesis conditions

(14, 21–23), which offers a robust tool for op-

timizing the zeolite performance (24)

Zeolite ZSM-5, one of the most common

heterogeneous catalysts, clearly demonstrates

that Al siting governs catalytic reaction mech-

anisms, as exemplified in methanol-to-olefins

processes (24–27). Al concentrated at chan-

nel intersections favors the aromatic-based

cycle, whereas Al located within the channels

promotes the formation of linear products

(24, 25, 28). Another acid-base reaction in-

fluenced by Al distribution is propene oligo-

merization, where two reported Si-rich ZSM-5

samples with similar chemical compositions

but differing populations of Al pairs exhibited

distinct catalytic properties (17, 24, 29, 30). The

superior performance of Al pair–rich samples in

this reaction has been attributed to the assured

proximity of protons, which influence alkoxide

formation, as well as to repulsive forces that

facilitate product release (1, 12, 17, 20, 31). The

presence of Al pairs also plays a pivotal role in

the ethanol transformation pathway over zeo-

lite ZSM-5. Operando spectroscopy studies re-

vealed that Al pair–rich ZSM-5 promotes a

dissociative reaction pathway, where close pro-

tons associated with Al pairs first dehydrate

ethanol to ethene, which is subsequently con-

verted to butane (20). Ethoxyl intermediates

formed in Al pair–rich ZSM-5 contribute to C-C

bond formation. By contrast, ZSM-5with ahigh

fraction of isolated Al atoms favors an associa-

tive pathway for ethanol dehydration (20). Ad-

ditionally, Al pairs in zeolites (ZSM-5, FER, and

MOR) stabilize transitionmetal ions,which serve

as active centers in redox catalysis (32–37). Bare

Fe(II) or Co(II) cations enhance the catalytic

activity of zeolite catalysts in hydrocarbon-

selective catalytic reduction and N2O decom-

position, the latter being used to probe the

presence of associated Al pairs (30).

To gain full understanding of the catalytic

process, a comprehensive recognition and struc-

tural characterization of Al organization is es-

sential. Spectroscopic studies conducted for

the Al pair–rich ZSM-5 sample fully exchanged

with Co(II) hexa aqua complex have identified

typical sites for divalent cobalt cations at two

distinct locations: the elongated 6-rings formed

from two-folded 5-rings (a site) and at the 5- or

deformed 6-rings (b site) (18, 22, 30, 38). The a

sites, which account for 40 to 50% of the total

Co loading, are believed to be located at the

walls of the straight channels (30, 39). The b

sites, representing 50 to 60% of the Co, were

suggested to be situated in the sinusoidal chan-

nels (30, 38). Additionally, aminor boat-shaped

g site, formed from the 5- and 6-membered

rings, was speculated to be present in the si-

nusoidal channels (30, 38).

Understanding the relationship between Al

distribution, T site–dependent reactivity, and

catalytic performance remains one of the great-

est challenges in zeolite science. By quantita-

tively identifying Al siting and correlating it

with performance, this work provides a found-

ation for further exploration of how Al organi-

zation influences active site formation and

reaction mechanisms, not only in ZSM-5 but

also in other zeolite catalysts. Advancing this

knowledge will be crucial for the rational design

of next-generation zeolite-based materials with

tailored properties for industrial applications.

Anomalous x-ray powder diffraction

methodology

Amultispectroscopic approach engaging the

Co(II) hexa aqua complex as a probe for Al

pairs in zeolites enables an indirect approxi-

mate estimation of their quantity and provides

insights into the local geometry of bare Co(II)

cations and their coordinated Al sites (40).

However, the discrimination of Al from Si in

zeolite frameworks and recognizing T site–

dependent reactivity of zeolites is still challeng-

ing because there is no general method that

can identify directly which T sites in a zeolite

framework structure are occupied by Al. Al-

though a number of techniques have been

applied—including
27
Al multiquantum solid-

state nuclear magnetic resonance spectroscopy

(MQ MAS NMR) (41, 42), x-ray absorption

spectroscopy (XAS) (43), and x-ray standing

waves (44)—so far, no universal method en-

ables unequivocal identification.

The Al substitution for Si is usually only

partial, and the scattering power of these two

elements is similar (13 versus 14 electrons).

Therefore, we have developed an anomalous

x-ray powder diffraction (AXRPD) methodol-

ogy (45) that leverages resonant scattering

across the Al K-edge (1.56 keV) to highlight
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Al positions in a structure. The x-ray energy is

set either near or far from the Al K-edge, con-

ditions referred to as near- and off-resonance.

The x-ray atomic scattering factor f = f0 +

f1 + i × f2 of an element primarily depends

on its number of electrons f0. Under the near-

resonance conditions, the complex contribu-

tions f1 + i × f2 of the scattering become

meaningful and markedly alter the scatter-

ing power of Al, whereas the scattering power

of other elements, such as silicon and oxy-

gen, remains unchanged. These shifts induce

variations in the structure factors originating

from the lattice planes containing T sites oc-

cupied by Al.

Structural information in the specific lattice

plane (hkl) can be quantified by the square of

its structure factor (Fhkl), which in turn is pro-

portional to the relative intensity of the corre-

sponding reflection (Ihkl).Hence, the differences

in Bragg reflection intensities measured at off-

and near-resonance energies allow for themost

unequivocal assignment of Al to T atoms in the

framework structure to date. Spectroscopic

methods are short-range probes that can only

report on the local environment around the Al

position, whereas AXRPD collects information

on the long-range structural order of the Al dis-

tribution and can quantitatively locate Al posi-

tions within the periodic framework.

To date, this technique has been exploited

to identify elements with absorption edges

within diffraction-suitable energy ranges, such

as Sr (16.1 keV), Rb (15.2 keV), Se (12.7 keV),

Cu (8.98 keV), and Fe (7.11 keV) (46–49). The

familiar approachhas also been applied inmulti-

wavelength anomalous diffraction (MAD) to

enhance the structural determination of bio-

logical macromolecules (50). As detailed in the

supplementary materials, AXRPD experiments

conducted at the PHOENIXbeamline (https://

www.psi.ch/en/sls/phoenix) at the Swiss Light

Source (SLS) synchrotron facility have enabled

operations in the soft energy ranges using a

previously developed setup (45). At the K-edge

(1.56 keV), the x-ray beam is fully absorbed

after penetrating a few tens of micrometers

of a zeolite sample, so these experiments were

performed in reflection geometry inside a vac-

uum chamber. The Si drift single-photon–

counting diode detector (51) effectively reduced

the background noise from post-edge fluo-

rescence emission by discriminating inelastic

scattering.

Experimental results

ZSM-5 zeolites belong to theMFI topology, fea-

turing a framework structure with 12 T atoms

organized by Pnma symmetry into a three-

dimensional (3D) network of intersecting 10-

membered ring straight and sinusoidal chan-

nels. The primary object of this study was two

ZSM-5 samples with similar Si/Al ratios (15.1

and 18.1) but different organizations of Al atoms,

as the samples contained 82% and 9% of Al

pairs, respectively. The Al distributions were

optimized through selected synthesis condi-

tions (details provided in the supplementary

materials). The one enriched in Al pairs is ref-

erred to as high–Al pair ZSM-5 (HAP-ZSM-5),

and the one with low concentration of Al pairs

is called low–Al pair ZSM-5 (LAP-ZSM-5). We

aimed to gain a better understanding of the

long-range order organization of Al atoms in

these two ZSM-5 structures and to learn how

this organization influences their propensity

for propene oligomerization.

Our refinement of AXRPD data collected

from H-forms of HAP-ZSM-5 and LAP-ZSM-5

structures followed a preestablished protocol

(45); refinement details (tables S1 and S2), pro-

file fits (figs. S3 to S5), and crystallographic

information files (CIFs) are available in the

supplementary materials. The data analysis

strategy involved multiple refinements with

a common structure model that had a single

set of profile parameters, refined using Topas

software (52), to simultaneously fit all diffrac-

tion datasets fromdifferent energy levels. Given

that the diffraction limit at 1.56 keV corre-

sponds to a d-spacing of ~4 Å, data from con-

ventional measurements were integrated with

those at energies near the x-ray absorption

edge to accurately determine the Al concen-

tration at the already refined positions of

T atoms.

Therefore, before assigning Al to T sites, the

orthorhombic (Pnma space group) structure

parameters were meticulously refined with

conventional diffraction data collected in tran-

smission mode (0.5-mm capillary) at a wave-

length of 0.708597 Å (E = 17.5 keV) on the

Materials Science beamline at the SLS (53).

The peak shapewasmodeled by pseudo-Voight

function with additional asymmetry. The back-

ground was evaluated through linear interpo-

lation between selected points using the program

Lines (54). The diffraction patterns calculated

from the refined structural models fit the ob-

served data well (figs. S3 and S4) and showed no

evidence ofmonoclinic distortions (55). The pos-

sible guestmolecules were determined by insert-

ing two “dummy” oxygen atoms and optimized

with simulated annealing, which is a global op-

timization algorithm particularly well suited

for locating the foreign species inside the po-

rousmaterials (56). Once themodel converged,

the structure parameters were fixed and con-

currently used with datasets collected across

the Al K-edge at 1500 eV (off-resonance) and at

1550 eV, 1555 eV, and 1560 eV (near-resonance).

Initially, profile parameters for AXRPD data

(scale factor, peak profile, specimen displace-

ment, and axial model) were fitted. Scale fac-

tors were first estimated by using a previously

established approach (45) that involved nor-

malized mE, the attenuation coefficients for the

sample composition at specified energies, and

I0, the incoming photon flux (eq. S1). Subse-

quently, the scales were individually refined.

The common instrumental function was de-

fined by pseudo-Voight function with an addi-

tional asymmetry (52). The background was

defined through linear interpolation between

selected points (54). Once the profile parame-

ters converged, they were fixed, and only the Al

occupancies were refined. Al occupancies were

initially set as 6.36 and 5.30 Al atoms evenly

distributed between 12 T sites of HAP-ZSM-5

and LAP-ZSM-5 structure models, respectively,

and refined using all datasets simultaneously.

The uncertainties of Al occupancies on individ-

ual T sites were determined by bootstrapmeth-

ods (57, 58).

Figure 1 highlights the subtle yet important

changes in structure factors calculated for HAP-

ZSM-5 and LAP-ZSM-5 structure models, which

arose from variations in the Al scattering form

factor at different energies across the Al

K-edge. Because Fhkl for each reflection shifted

specificallywith photon energy, and a sufficient

number of distinct reflections were registered,

the atomic parameters of the structure could

be refined to achieve the best fit to the ob-

served data, allowing the precise determina-

tion of Al organization.

The Al organization was cross-referenced

with refined Co positions in HAP-ZSM-5 (figs.

S5 and S6). The structure, intrinsically loaded

withCo(II) hexa aqua complexes (fig. S8),main-

tained its orthorhombic order (fig. S7). The

positions of bare divalent Co sites point out

the locations of associated Al pairs. The high-

resolution x-ray powder diffraction (HR-XRPD)

data were measured in transmission mode

(0.5-mm capillary) at a wavelength of 0.3543 Å

onbeamline ID-22 at the EuropeanSynchrotron

Radiation Facility (ESRF) (59). In the course of

the Rietveld analysis, the peak shape in the dif-

fraction data was modeled as a 2Q-dependent

convolution of Lorentzian and Gaussian func-

tionswith added asymmetry. Anisotropic peak

broadening was described by using spherical

harmonics, and the background was defined

through linear interpolation between selected

points (54). The three distinct Co(II) positions

were identified by using a simulated annealing

algorithm (60) and were subsequently refined.

Aluminum distributions

The AXRPD studies revealed that LAP-ZSM-5

had Al concentrated at the T12 site and dis-

persed across several other sites located at the

intersection of the straight and sinusoidal

10-membered ring (10MR) channels (Fig. 2).

This distribution corroborated previous stud-

ies and the synthesis conditions (17, 30). Only

0.9(1) Al atoms occupying adjacent T8 sites

may formAl pairs organized in anAl(-O-Si-O-)2Al

sequence. Al at T8 sites accounts for ~8% of

the total Al loading, which is near the reported

9% of Al pairs in this sample (17, 30).
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In HAP-ZSM-5, 1.2(1) Al atoms emerge at ad-

jacent T8 sites, positioned on opposite sides of

the twisted 6-ring located at the intersection of

the straight and sinusoidal channels (Fig. 3A).

This Al pair coordinated 0.55(6) cobalt atom at

the Co2 position, as determined by Rietveld re-

finement, situated in the plane of the ring and

constituting the b site (Fig. 3C). This finding

alignedwith the electronic structure described

in previous studies (17, 38, 61, 62), but the lo-

cation differed. Additionally, siting for the b′

site was established by 0.9(1) Al atoms occupy-

ing T4 and T10 or T4 andT11 sites, respectively

(Fig. 3B), arranged in Al-O-Si-O-Al sequences

within the 5-ring (Fig. 3C). The correspond-

ing Co3 site, with 1.0(1) Co occupancy, was

isolated from large-port voids. An Al pair at

T8 and T11 was separated by an -O-Si-O- bridge

within the 6-ring, which was further inter-

linked by silicon occupying theT3 site (Fig. 3B).

This arrangement exhibited siting of Co1 in

the a site, which is situated slightly above the

ring plane (Fig. 3C), although less elevated

than previously reported for bare divalent cat-

ions in the a positions of MOR and FER struc-

tures (39).

The Al organization aligned well with the

three refinedCo positions at the expecteda and

two b sites. Located at the T4, T8, T10, and

T11 sites, Al-O-Si-O-Al sequences accounted for

84(8)% of the total Al, closely matching the

reported 82% (17, 26), with excess Al at T4 em-

erging as a single Al species (Fig. 3D). Among

Al pairs, 31(4)% were situated at a sites within

the straight channels, 40(5)% occupy b sites at

the channel intersections, and 28(5)% are b′

sites confined within the lattice.

NMR studies

The presence of Al-O-Si-O-Al sequences engaged

in a and b′ sites substantially contradicted pre-

vious studies (40, 42, 63) because this type of Al

organization was recognized predominantly in

ZSM-5 zeolites with Si/Al ratio of <9 (64). To

investigate this issue, a solid-state NMR exper-

iment (details provided in the supplementary

materials) was conducted on the HAP-ZSM-5

sample (Fig. 4) and LAP-ZSM-5 (fig. S1). The

Fig. 2. Al distribution among T sites within the LAP-ZSM-5 framework structure. (A) [010] projection of the MFI-type framework structure. (B) The distribution

of Al across 12 T sites.

Fig. 1. Structure factors for ZSM-5 structure models. (A and B) Comparison of the structure factors (Fhkl) at different energies across Al K-edge calculated for

high–Al pair ZSM-5 (HAP-ZSM-5) (A) and low–Al pair ZSM-5 (LAP-ZSM-5) (B).
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resonance at ~55 parts per million (ppm) ob-

served at the
27
Al MAS NMR spectrum corre-

sponded to tetrahedral Al atoms located in

T sites (Fig. 4A). The resonance at ~0 ppm

characteristic for octahedral Al atoms was not

detected, ruling out the substantial presence of

extra-framework Al.

The
29
Si MAS NMR spectrum of the sample

aligned well with reported spectra of Si-rich

ZSM-5 materials and is presented along with

its fit in Fig. 4B. The spectrum was dominated

by resonances above −110 ppm, which we at-

tributed to Si(4Si) atoms (Si atoms with exclu-

sively Si neighbors), and by resonances between

−102 and−108ppm, corresponding to Si(3Si,1Al)

atoms (Si atoms with one Al neighbor). The

final component of the spectrum comprised

resonances below −101 ppm, which could cor-

respond either to Si(3Si,1OH) atoms or Si(2Si,2Al)

atoms (Si atoms with two Al neighbors). To

attribute this component, a cross-polarization

experiment was conducted (fig. S2), which in-

dicated the presence of various SiOH atoms

(silanols on the external surface of the zeolite

crystals or defects of the framework). How-

ever, the Si/AlFR ratio estimated from the
29
Si

MAS NMR spectra by using eq. S2 deviated

from the Si/Al ratio obtained from chemical

analysis for HAP-ZSM-5 when only Si(3Si,1OH)

atoms were considered (Si/AlFR 17.9 versus

Si/Al 15.1). Both values were in good agree-

ment when the possible presence of Si(2Si,2Al)

was considered (Si/AlFR 14.8 versus Si/Al 15.1).

This result suggests that a notable portion

of the resonance below −101 ppm arose from

Si(2Si,2Al) atoms (65).

The presence of Si(2Si,2Al) atoms in the in-

vestigated HAP-ZSM-5 suggested that a small

fraction (up to 20%) of Al atoms are organized

in Al-O-Si-O-Al sequences. The resonances below

−101 ppm were not found in
29
Si MAS NMR

spectra of LAP-ZSM-5 (fig. S1). Notably, the po-

tential contribution of the Si(2Si,2Al) resonance

in the
29
SiMASNMR signal below−101 ppm for

Si-rich ZSM-5 zeolites has typically been omitted

in previous investigations (40, 42, 63, 64). The

combined studies involving AXRPD and NMR

provide meaningful insights into this matter.

Discussion

The organization of Al in ZSM-5 zeolites and

its periodic distribution provide valuable in-

sights into catalytic mechanisms, particularly

in Brønsted-acid and redox processes involv-

ing transition metal ions. In both structures

examined, Alwas concentrated at T siteswithin

channel intersections. The influence of the

Al pair fraction in ZSM-5 zeolite on propene

oligomerization was studied using in situ

Fourier transform infrared (FTIR) spectroscopy

to monitor formation of intermediates, transi-

tion states, and products over Al atoms and

associated protons—identified as the active

centers—along with gas chromatography for

product detection and quantification (17, 18).

FTIR results showed that propene adsorption

led to the faster formation of H-bonded spe-

cies and alkoxides in samples with a high frac-

tion of single Al atoms. Such samples, however,

Fig. 3. Al distribution among T sites within the HAP-ZSM-5 framework structure. (A and B) [010] (A) and [100] (B) projections of the MFI-type framework

structure enriched in Al pairs at adjacent T8-T8, T8-T11, and T4-T10/T11 sites. The remaining single Al atoms predominantly occupied the T4 site. (C) a- and b-type

siting for Co(II) cations counterbalancing Al pairs. (D) The distribution of Al across 12 T sites.
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revealed superior activity, as shown in fig. S9A,

with high C4 to C9 oligomer production. In

situ FTIR spectroscopy combined with cata-

lytic tests revealed that oligomerization pro-

ducts stabilized over Al pairs and associated

protons, where Al atoms spaced 5 to 6 Å apart

facilitated desorption owing to repulsive forces

from positively charged alkoxides (17, 18). Ad-

ditionally, protonation kinetics—crucial for pro-

duct release and active center regeneration—

were faster in Al pair–rich samples, highlight-

ing the role of close protons stabilized by Al-O-

Si-O-Al sequences at intersections (b sites) and

within straight channels (a sites) compared

with isolated Al atoms occupying similar T po-

sitions. At higher reaction temperatures (above

340°C), aromatic products form on all ZSM-5

catalysts. However, higher conversion levels

are achieved, and secondary aromatizationpro-

cesses dominate on the HAP-ZSM-5 catalysts

(fig. S9B). The siting of Al pairs, directly linked

to high activity, is now unambiguously pin-

pointed by AXRPD.

These findings confirm that spectroscopic

studies correctly identify cationic sites; how-

ever, their precise positions within the peri-

odic structure were incorrect. Traditionally,

the localization of Al atoms in zeolites has

been investigated using established methods,

such as ultraviolet-visible and FTIR spectros-

copies of Co-containing zeolites, chemical

analysis, and
27
Al and

29
Si MAS NMR studies.

Although these methods provide valuable in-

formation, they are short-range probes that

often offer only an estimate of quantification

and insights into the local structure around Al

positions, which leads to imprecise conclu-

sions about the crystallographic locations of

Al within the zeolite framework. Unlike spec-

troscopic methods, AXRPD at the Al K-edge

provides fully quantitative information on

the long-range order of Al distribution. Thus,

AXRPD is an appropriate technique for revis-

ing and accurately pinpointing Al positions in

the framework structures of zeolites, whether

they emerge as isolated Al atoms, Al pairs, or

close Al sites.
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NATURAL HISTORY

Hawaiian caterpillar patrols spiderwebs camouflaged
in insect prey’s body parts
Daniel Rubinoff*, Michael San Jose, Camiel Doorenweerd

Lepidoptera is the most herbivorous of all the insect orders, with predatory caterpillars globally

comprising less than 0.13% of the nearly 200,000 moth and butterfly species. Here, we report a species

in which caterpillars are carnivorous inhabitants of spider’s webs, feeding on the arthropods that they

find there. This Hawaiian lineage also boasts an unprecedented and macabre practice of decorating its

portable larval home with the body parts of the spider prey it harvests from the web where it resides.

Phylogenomic data suggest that the origin of this unique spider cohabitant is at least six million years

old, more than one million years older than Hawaii’s current high islands. After decades of searching,

only one species has been discovered, and it is restricted to 15 square kilometers of a single mountain

range on the island of Oʻahu, meaning that other members of the lineage have disappeared from

older islands. Conservation action to save this globally unique lineage is imperative and overdue.

H
awaii’s geographic isolation has fostered

the evolution of an array of unusual

invertebrates, including spiders that

spear prey from the air (1), terrestrial

rather than aquatic damselfly nymphs

(2), caterpillars that hunt snails (3), amphibi-

ous caterpillars (4), and caterpillars that

ambush prey (5). Now, the “bone collector”

caterpillar (Fig. 1) adds an additional dimen-

sion with a bizarre housekeeping regimen not

reported for any other insect (6) and an ecol-

ogy not recorded elsewhere in the order

Lepidoptera. These newly discovered cat-

erpillars are the first known to depend on

spider webs, using only those located in tree

hollows, logs, or rock cavities and never leav-

ing their immediate vicinity. Carnivorous cat-

erpillars are an extremely rare evolutionary

phenomenon, and although caterpillars and

spiders are common in the same environ-

ments all over the world, only this single cat-

erpillar lineage in Hawaii is known to have

made the leap to spider cohabitation.

Bone collector caterpillars crawl through

the jumble of web and detritus (Fig. 2) and

opportunistically eat any weakened or recent-

ly deceased insects they come across (e.g.,

cached spider prey), even chewing through

silk to reach their meal if need be. Because

they exclusively rely on cobwebs in enclosed

spaces (not sheet webs), they can access the

full three-dimensional space of the webs. We

have identified body parts belonging to more

than six different families of insect attached

to the silk caterpillar cases, suggesting that

they are adaptable scavengers and predators.

In captivity, the caterpillars will attack and

eat any live, slow moving, or immobilized in-

sect prey, and they will even cannibalize each

other (movie S1). This usually limits one cat-

erpillar per web in the wild because a larger

individual would make a quick meal of a

smaller neighbor.

When decorating their silken portable cases,

the caterpillars are particular. Body parts are

carefully measured for size before the cater-

pillar weaves them into its collection. Each

prospective new addition is rotated and probed

with its mandibles several times, and parts that

are too large are chewed down to a size that

will fit its case. If denied access to arthropod

Department of Plant and Environmental Sciences,
Entomology Section, University of Hawaiʻi at Mānoa,

Honolulu, HI, USA.

*Corresponding author. Email: rubinoff@hawaii.edu

Fig. 1. Pinned adult female (left) of the bone collector caterpillar and portable case (right) in which

the larva resides decorated with body parts from ants, bark beetles, weevils, and flies. Unlabeled parts

are all host spider integument that has been shed.
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body parts in captivity, the caterpillars do not

accept other bits of detritus, suggesting that

they recognize and exclusively use corpses in

nature and that this decoration is important to

their survival. Given the context, it is possible

that the array of partially consumed body

parts and shed spider skins covering the case

forms effective camouflage from a spider land-

lord; the caterpillars have never been found

predated by spiders or wrapped in spider silk.

Bone collector caterpillars have been recorded

from the webs of at least four different spe-

cies of spider in three different families, none

of which is native to Hawaii, so adaptability to

non-native elements is likely crucial to their

persistence. Many of Hawaii’s ecosystems are

now dominated by non-native species, and

dependence on native spiders would have

made the survival of the bone collector line-

age even more tenuous. Still, these cater-

pillars are only rarely encountered; >22 years

of fieldwork and >150 field surveys in the area

where they occur have yielded only 62 indi-

viduals, and most apparently suitable spider

webs do not host them.

Ancient origins

The bone collector caterpillar belongs to

Hyposmocoma, an endemic genus of small

moths that is one of the most ecologically di-

verse adaptive radiations on the planet and, at

14 million years old, one of Hawaii’s oldest (7).

The genus contains >350 species occurring from

the splash zones of the tropical shorelines to

frigid alpine deserts on volcanic slopes >3200m

high, with each species typically restricted to

a part of a single volcano on a single island

(8, 9). As shown by phylogenomic inference

from 38 loci and subsequentmolecular dating,

there are nine major lineages ofHyposmocoma,

most between 9 and 15 million years old, far

older than the oldest current high island of

Kauaʻi (Fig. 3). The bone collector species is

the only one known of its kind, representing

a monotypic lineage without a sister species.

Although it is related to the other carnivorous

lineage of Hyposmocoma, their ancestors di-

verged more than 5 million years ago.

Uncertain future

Hawaii is an “extinction capital” of the world,

with ongoing catastrophic losses of endemic

flora and fauna [e.g., (10)]. This phenomenon

extends to the archipelago’s endemic inverte-

brate species, although their disappearances

have gone largely undocumented. Despite

>100 years of entomological surveys, the bone

collector species has only been found in a

15-km
2
area of mesic forest in the Waiʻanae

mountain range on the island of Oʻahu. Typ-

ically, an endemic Hawaiian lineage will

contain multiple species with similar habits

distributed across at least part of the archi-

pelago [e.g., (11, 12)], but no other member of

the bone collector lineage has been found.

Phylogenomic analysis shows that the bone

collector lineage is at least 6 million years old,

>3 million years older than the island of Oʻahu

(Fig. 3) (13). This suggests that the bone col-

lector lineage once occurred on older islands

such as Kauaʻi or Nihoa, from which an an-

cestor dispersed to Oʻahu. This ecology likely

Fig. 2. Rotting wood log broken open to expose a

bone collector caterpillar resting on a clump of

webbing next to a non-native spitting spider

(Scytodes sp.) with its egg sac. The web is

partially obscured by termite and other wood-boring

insect frass.

Fig. 3. Molecular phylogeny of Hyposmocoma lineages based on 38 genes and 82,875 aligned base pairs. The phylogeny was molecularly calibrated using age estimates

from Kawahara et al. (17); 95% highest posterior density confidence intervals for the molecular dating estimates for nodes are indicated with blue bars. Outgroups

are cropped, and the full tree is shown in the supplementary materials. Different lineages are indicated by their larval case type (8), and exemplar cases are shown on

the right. Bone collector and cigar case species are the only ones that are carnivorous. Current terrestrial areas of the Hawaiian Island chain are shown in dark green;

shallows that were once above sea level are shown in gray. The islands are placed along the timescale according to age and geographic position.
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evolved on anow-subsided island in the North-

west Hawaiian Island chain, as did many lin-

eages ofHyposmocoma (8) and otherHawaiian

insects [e.g., Drosophila (14, 15)]. The current

range of the bone collector lineage is now lim-

ited to a single species holding on in a frag-

ment of isolated forest that is increasingly

beset with invasive species, exemplifying the

vulnerability of many endemic Hawaiian in-

sects and the ecosystems on which they de-

pend. Although the bone collector species is

able to use non-native spider hosts, it is still

rarely found and its range is limited to a small

area on one mountain on a single island. Pop-

ulation numbers may not be stable, and many

factors leading to native insect decline in

Hawaii (10) may also be affecting it, includ-

ing introduced predators such as ants and

parasitic wasps. It is unclear when bone col-

lector caterpillars may have disappeared from

Kauaʻi, but it was before they could be discov-

ered and may have been due to anthropoge-

nic causes, as has been the case with most of

Hawaii’s historic extinctions [e.g., (16)]. With-

out conservation attention, it is likely that the

last living representative of this lineage of

carnivorous, body part–collecting caterpillars

that has adapted to a precarious existence

among spider webs will disappear.
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ELECTROCHEMISTRY

Polyoxometalated metal-organic framework
superstructure for stable water oxidation
Kaihang Yue1,2,3†, Ruihu Lu4†, Mingbin Gao5†, Fei Song6, Yao Dai1, Chenfeng Xia2, Bingbao Mei6,

Hongliang Dong7, Ruijuan Qi8, Daliang Zhang9, Jiangwei Zhang10*, Ziyun Wang4*, Fuqiang Huang11*,

Bao Yu Xia2,12*, Ya Yan1,3*

Stable, nonprecious catalysts are vital for large-scale alkaline water electrolysis. Here, we report a

grafted superstructure, MOF@POM, formed by self-assembling a metal-organic framework (MOF) with

polyoxometalate (POM). In situ electrochemical transformation converts MOF into active metal (oxy)

hydroxides to produce a catalyst with a low overpotential of 178 millivolts at 10 milliamperes per square

centimeter in alkaline electrolyte. An anion exchange membrane water electrolyzer incorporating this

catalyst achieves 3 amperes per square centimeter at 1.78 volts at 80°C and stable operation at

2 amperes per square centimeter for 5140 hours at room temperature. In situ electrochemical

spectroscopy and theoretical studies reveal that the synergistic interactions between metal atoms

create a fast electron-transfer channel from catalytic iron and cobalt sites, nickel, and tungsten in the

polyoxometalate to the electrode, stabilizing the metal sites and preventing dissolution.

W
ater electrolysis is a critical technology

for renewable energy conversion and

storage (1–7). Commercial systems

require efficient, stable, and earth-

abundant catalysts, particularly for

alkaline water oxidation, in which first-row

(3d) transition-metal (oxy)hydroxides have

shown promise over the past decades (8–13).

However, achieving the required activity and

stability at industrial-scale current densities

remains challenging, primarily due to the sub-

stantial overpotential needed to drive water

oxidation at the desired current densities.

Under these operational conditions, the active

phase, typically metal (oxy)hydroxides, often

degrades due to dissolution of catalytic metal

sites or phase segregation (14–16). One critical

limitation arises from the inherently weak in-

teractions between metal atoms and oxygen,

rendering active metal sites susceptible to dis-

solution in the electrolyte. Additionally, the

high potential for water oxidation can induce

localized structural distortions in the catalyst,

resulting in mechanical degradation, such as

the peeling of active sites or phases (14, 17).

Despite various strategies to enhance activity

and stability, achieving sustained, long-term

operation at high current densities under

1State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of
Sciences, Shanghai, China. 2School of Chemistry and Chemical Engineering, State Key Laboratory of Materials Processing and Die & Mould
Technology, Key Laboratory of Material Chemistry for Energy Conversion and Storage (Ministry of Education), Hubei Key Laboratory of
Material Chemistry and Service Failure, Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology
(HUST), Wuhan, China. 3Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing,
China. 4School of Chemical Sciences, University of Auckland, Auckland, New Zealand. 5National Engineering Laboratory for Methanol to
Olefins, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China. 6Shanghai Synchrotron Radiation Facility,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai, China. 7Center for High Pressure Science and Technology
Advanced Research, Shanghai, China. 8Key Laboratory of Polar Materials and Devices (MOE), Department of Electronics, East China
Normal University, Shanghai, China. 9Multiscale Porous Materials Center, Institute of Advanced Interdisciplinary Studies and School of
Chemistry and Chemical Engineering, Chongqing University, Chongqing, China. 10College of Energy Material and Chemistry; Inner
Mongolia Key Laboratory of Low Carbon Catalysis, Inner Mongolia University, Hohhot, China. 11State Key Lab of Metal Matrix Composites,
School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai, China. 12Center for Next-Generation Energy Materials
and School of Chemical Engineering, Sungkyunkwan University (SKKU), Seobu-ro, Jangan-gu, Suwon, Gyeonggi-do, Republic of Korea.
*Corresponding author. E-mail: zjw11@tsinghua.org.cn (J.Z.); ziyun.wang@auckland.ac.nz (Z.W.); huangfq@sjtu.edu.cn (F.H.);

byxia@hust.edu.cn (B.Y.X.); yanya@mail.sic.ac.cn (Y.Y.)

†These authors contributed equally to this work.

RESEARCH | RESEARCH ARTICLES

430 25 APRIL 2025 • VOL 388 ISSUE 6745 science.org SCIENCE



future industrial conditions remains a formi-

dable challenge (18–20).

In this work, we report a grafted super-

structure ofMOF@POMderived from the self-

assembly of ametal-organic framework (MOF)

and polyoxometalate (POM), followed by an

electrochemical transformation into mono-

layer CoFe oxyhydroxides (CoFe-LDH) grafted

onto POM. The transformation involves a two-

dimensional (2D) CoFe-MOF precursor under-

going phase transitions to form monolayer

CoFe-LDH grafted on POM while also serving

as a reservoir of predefined active metal sites

(Co and Fe) under water oxidation conditions.

The resulting catalysts exhibit substantial

activity and stability in water electrolysis,

achieving a low overpotential of 178 mV at a

current density of 10 mA cm
−2
. When incor-

porated into an anion exchange membrane

water electrolyzer (AEMWE), the system deliv-

ers a current density of 3 A cm
−2

at an applied

voltage of 1.78 V, meeting the US Department

of Energy’s (DOE’s) 2025 target for 2035 AEM

technologies (1.8 V at 3 A cm
−2
) (21). Further-

more, the AEMWE demonstrates stable oper-

ation for >5140 hours at a current density of

2 A cm
−2

under ambient conditions. In situ

electrochemical investigations combined with

computational studies reveal that interactions

betweenmetal atoms, includingW, Ni, Co, and

Fe, establish a rapid electron-transfer channel.

This channel facilitates efficient electron trans-

port from CoFe catalytic sites to electrodes,

protecting the catalytic sites from dissolution.

Additionally, the Ni interlayer functions as

an elastic deformation interlayer, stabilizing

the activemetal (oxy)hydroxide phase. These

synergistic effects contribute to substantial

improvements in both the activity and dura-

bility of AEMWE systems.

Synthesis and structural examination

The synthesis of MOF@POM involves a dual-

template assembly process (fig. S1). First, a CoFe-

MOF forms through the self-coordination of

Fe
3+

and Co
2+

with 1,4-benzenedicarboxylic

acid (11), chosen for its layered structure, which

promotes axial growth and enhances the inter-

action and stability of POM-Ni-MOF stacking.

This formation process is accompanied by the

decomposition of symmetric PW9-Ni4 into a

trilacunary Keggin anion, [PW9O34]
9−

(PW9)

(22–26). Subsequently, the CoFe-MOF reas-

sembles with PW9, facilitated by the Ni–O

bridge, to form the innovative MOF@POM

superstructure (Fig. 1A). Ab initio molecular

dynamics simulations corroborate this self-

assembly process of MOF with POM, reveal-

ing a gradual decrease in surface energy, as

evidenced by the reducing distance between

the Ni atoms in POM and the O atoms inMOF

during self-assembly (figs. S2 and S3). Scan-

ning electron microscopy (SEM) images dis-

play a petal-like morphology for MOF@POM

(Fig. 1B), which exhibits a more uniform and

ordered arrangement compared with the pure

MOF (fig. S4). Atomic force microscopy (AFM)

measurements confirm amonolayer thickness

of 3.54 ± 0.18 nm for MOF@POM (Fig. 1C), in

contrast to the pureMOFmonolayer thickness

of 1.73 ± 0.17 nm, highlighting the successful

grafting of POM (fig. S5). Furthermore, spheri-

cal aberration–corrected transmission electron

microscopy (TEM) reveals thin lamellar struc-

tures (fig. S6). High-resolution TEM (HRTEM)

images, coupled with selected area electron

diffraction (SAED) patterns (Fig. 1D), highlight

the crystalline facets within the MOF@POM,

with a crystalline spacing of 0.63 nm, consist-

ent with the pure MOF (fig. S7). X-ray diffrac-

tion (XRD) results corroborate this observation

of the (200) and (001) facets for the MIL-53

MOF (fig. S8), confirming the presence of the

MOF within the MOF@POM superstructure

(27). Fourier transform infrared (FTIR) spectros-

copy also validates the presence of characteristic

absorptionpeaks of PW9within theMOF@POM

superstructure (fig. S9) (22). Thermogravimetric

analysis of MOF@POM and the pure MOF

reinforce these findings. The presence of POM

enhances the mass retention of the MOF (fig.

S10). High-angle annular dark-field scanning

transmission electronmicroscopy analysis of

MOF@POM, coupled with elemental mapping

(fig. S11 and table S1), provides definitive evi-

dence of the uniform distribution of Co, Fe, Ni,

C, O, P, and W within the superstructure.

Full-range synchrotron pair distribution func-

tion (PDF) analysis provides a detailed view of

the atomic structure of MOF@POM (fig. S12).

Further validation is achieved by fitting the

PDF data to a structural model based on Fig.

1A. This fit shows excellent agreement (R
2
≈

0.88) with the experimental results, confirm-

ing the presence of theMOF@POMsuperstruc-

ture (Fig. 1E). Each peak in Fig. 1E corresponds

to specific atom pairs within the model (table

S2). For instance, peak 1 corresponds to the

distance between the O–W and O–Ni atom

pairs. The correlation of the O–Wpair across

multiple peaks (1 to 16) provides evidence for

the long-range order of the MOF@POM super-

structure. Partial-PDF (p-PDF) analysis further

characterized the MOF@POM structure. A

A

B C D

E

0.0587, Rw= 0.0598χ

χ

5 nm2 µm 500 nm

[010]

(001)

(001)

(200)

0.63 nm

Fig. 1. Structural characterization. (A) Mercury-visualized structure model of the MOF@POM superstructure.

(B) SEM image of MOF@POM. (C) AFM image of MOF@POM. (D) Spherical aberration-corrected TEM image of

MOF@POM. Inset shows the SAED pattern. (E) Full-range synchrotron PDF analysis for MOF@POM, with the

corresponding Rietveld refinement and the calculated partial PDF patterns of the Ni–Fe distance.
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comparison of the p-PDF results with a struc-

tural model focused on the Ni–Fe interaction

(fig. S13) reveals excellent agreement between

the theoretical and experimental Ni–Fe dis-

tances. This alignment supports the hypothe-

sis that the characteristicW–Opeaks observed

in the FTIR spectra originate from POM semi-

clusters. Moreover, this agreement between

the p-PDF data and the structural model sug-

gests a specific attachment motif for the POM

moiety to theMOF. This attachment primarily

occurs through the intermediary Ni sites.

Accordingly, the crystal structure can be de-

scribed as follows: The Ni atom acts as a bridge

connecting the metal node layer of the MOF

with the W–O layer of PW9. This linkage is

further stabilized by Ni–O interactions be-

tween two Ni atoms, resulting in a robust

superstructure substrate that anchors the

POM clusters.

Water oxidation performance

Cyclic voltammetry (CV) measurements reveal

the exceptional activity of MOF@POM for

water oxidation. Considering the significant

impact of the metal ratio of Fe and the pro-

portion of POM on the catalytic performance

(figs. S14 and S15) (28–30), the optimized

MOF@POM demonstrates a very low overpo-

tential of only 178 mV at a current density of

10 mA cm
−2

(Fig. 2A). This performance sur-

passes that of the pure MOF (203 mV) and

commonly used CoFe-LDHs (250 mV) and

NiFe-LDHs (220mV). The lowwater oxidation

current density observed for pure POM high-

lights the crucial role of the synergetic effect

achieved through grafting in the MOF@POM

superstructure (fig. S16). Analysis of the turn-

over frequency (TOF) calculated using the ac-

tual active site numbers obtained from the CV

curves (fig. S17) indicates that the TOF of Co

and Fe (TOFCo+Fe) in MOF@POM is 78 times

higher that of pure MOF at the overpotential

of 200 mV (fig. S18). Consequently, the mass

activity of MOF@POM is >7 times greater

than that of pure MOF (fig. S19). The Tafel

slopes for CoFe-LDHs andNiFe-LDHs are 42.9

and 45.5 mV dec
−1
, respectively, at 1.50 V ver-

sus the reversible hydrogen electrode (RHE)

(fig. S20), which align with the 46 mV dec
−1

reported for oxidized Ni, Co, and Fe electrodes

in alkaline conditions (31). This indicates that

the rate-determining step involves the forma-

tion of a superoxy (–OOH) intermediate. For

MOF and MOF@POM, the Tafel slopes de-

crease to 37.0 and 27.7 mV dec
−1
, respectively,

which can be attributed to the in situ for-

mation of single-layer LDHs (32) and POM

grafting. The lowest Tafel slope observed for

MOF@POM suggests a significant enhance-

ment in catalytic OER activity (2, 33–35).

Electronic conductivity is a critical factor for

determining catalyst activity (7, 36, 37). Com-

bined results of electrochemical impedance

spectroscopy and ultraviolet photoelectron

spectroscopy reveal thatMOF@POMhas the

lowest charge-transfer resistance among the

tested samples (figs. S21 and S22). Two-probe

resistivity measurements confirm that the elec-

trical conductivity of MOF@POM is higher

than that of pristine MOF (fig. S23). This indi-

cates that POM grafting provides a more effici-

ent electron-transfer pathway within the MOF,

leading to a significant increase in the TOF of

the Co and Fe sites. Moreover, under a three-

electrode system, MOF@POM demonstrates

exceptional stability, showing negligible deg-

radation for 1000 hours at a current density of

100mAcm
−2
(fig. S24 andS25). This performance

is quite competitive with previously reported

catalysts for water oxidation (tables S3 and S4).

Furthermore, the AEMWE cell constructed

with MOF@POM exhibits a significantly lower

voltage requirement than the cell constructed

Fig. 2. Electrochemical mea-

surements. (A) CV curves of

MOF, MOF@POM, and the

reference samples. (B) Polariza-

tion curves of the AEMWE cell

using MOF@POM as the anode

(AEM: Sustainion X37-50 Grade T,

cathode: 20% Pt/C). (C) Long-

term durability of the AEMWE cell

at 2 A cm−2 (AEM: Sustainion

X37-50 Grade T, cathode: 20%

Pt/C, electrolyte: 1 M KOH).

At the positions indicated by the

arrows, the fresh electrolyte

was replaced in the electrolyzer.

(D) Relationship between current

and time during continuous

long-term durability tests in

AEMWE using different electroca-

talysts (the references are given

in table S7). (E) Economic

analysis of the operational

costs of different catalysts

and the leveled cost of

hydrogen production.
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from pure MOF. At 25°C, a current density of

1 A cm
−2

is achieved with a cell voltage of only

1.83 V forMOF@POM, whereas the pureMOF

cell requires nearly 1.97 V (Fig. 2B and figs. S26

to S27). The results obtained from focused ion

beam scanning electron microscopy demon-

strate that the performance differences be-

tween the two are not attributable to the

contact interface between the catalyst and the

current collector (fig. S28). Even under simu-

lated real-world operation conditions (1MKOH,

60° to 80°C),MOF@POMdisplays exceptional

activity, achieving a current density of 2 A

cm
−2

with a very efficient cell voltage of only

1.69 V at 80°C (corresponding to an energy

consumption of 4.04 kWh Nm
−3

H2). Increas-

ing the cell voltage to 2.0 V enables a current

density exceeding 5.5 A cm
−2

(at this point,

the background current of pure Ni foam is

only 0.23 A cm
−2
). By comparison, amere 1.78 V

is sufficient to achieve a current density of

3 A cm
−2
, surpassing the ambitious AEM fu-

ture 2035 requirements (1.8 V at 3 A, men-

tioned in the DOE 2025 target) (Fig. 2B) (21).

A rigorous stability evaluation revealed the

excellent durability ofMOF@POM in AEMWE.

TheMOF@POM cell shows a decay rate of only

0.015 mV h
−1
after 2000 hours of operation at

1 A cm
−2
, meeting the DOE 2025 target (21).

By contrast, the decay rate of the pure MOF

cell reaches nearly 1 mV h
−1

within the first

300 hours at the same current density, after

which it degrades further, exceeding 4 mV h
−1

(fig. S29). This highlights the significant role of

the grafted POM in enhancing the catalytic sta-

bility ofMOF@POM. Compared with the CoFe-

LDHandNiFe-LDH catalysts synthesized using

typicalmethods, theMOF@POMexhibits higher

stability. At 25°C, MOF@POM maintains a

current density of 2 A cm
−2

for 5140 hours

with a minimal decay rate of 0.02 mV h
−1
. By

contrast, these metal (oxy)hydroxides show a

significant decay rate within 100 hours (Fig.

2C). This exceptional stability is maintained

even at elevated temperatures (60°C).Moreover,

MOF@POM exhibits commendable stability at

higher current densities (3, 5, and 10 A cm
−2
)

for extendeddurations (3000, 500, and200hours,

respectively), with minimal performance fluc-

tuations, suggesting potential adaptability to

fluctuating green electricity (figs. S30 to S32).

Analysis of the decay rates across the current

density range of 1 to 10 A cm
−2

reveals a slow

linear (y = 0.0067 + 0.0075x, with a coeffi-

cient of determination R
2
≈ 0.96) decay for

MOF@POM at lower current densities (up to

5 A cm
−2
). However, the decay rate transitions

to exponential (y = 0.111e
0.3067x

, with a coeffi-

cient of determination R
2
≈ 0.99) at higher

current densities (10 A cm
−2
) (fig. S33). This

behavior contrasts with the rapid linear decay

observed for CoFe/NiFe-LDHs at 2 A cm
−2

(Fig. 2C) and the exponential decay of the pure

MOF at 1 A cm
−2

(fig. S29). These findings

suggest that a structurally stable catalyst ex-

hibits a linear decay profile within a specific

current density range, whereas unstable struc-

tures experience exponential decay.

The exceptional stability of MOF@POMdur-

ing AEMWEoperation is evidenced by its supe-

rior preservation of active sites. To gain insight

into the behavior of active metal sites during

AEMWE operation, the S number, which re-

flects the stability of active sites based on

metal dissolution in the electrolyte, was calcu-

lated (table S5) (38). MOF@POM exhibits the

highest S number, surpassing those of CoFe-

LDHs, NiFe-LDHs, and even the MOF by a sig-

nificant margin (fig. S34), which indicates that

MOF@POM loses fewer active sites during

water oxidation. The activity stability factor,

which correlates the rate of metal dissolution

with theO2 production rate, was also used (figs.

S34 and S35) (14, 39). The activity stability factor

of MOF@POM is nearly an order of magnitude

greater than that of the pureMOF, CoFe-LDHs,

and NiFe-LDHs. This finding experimentally

supports the exceptional stability of the POM-

grafted CoFe (oxy)hydroxide (table S6).

Techno-economic analysis

The performance merits of MOF@POM were

further evaluated by considering both the ac-

tivity and durability of the AEMWE. Compared

with existing electrocatalysts, MOF@POMdem-

onstrates superior stability and efficiency across

a range of current densities (Fig. 2D, figs. S36

and S37, and table S7). A preliminary techno-

economic analysis (TEA) was conducted to ex-

plore the economic and sustainability benefits

of MOF@POM-based AEMWE systems (Fig.

2E and supplementary note). This analysis con-

siders factors such as annual operating ex-

penditure and the levelized cost of hydrogen

(LCOH). The TEA calculations demonstrate

that MOF@POM results in the lowest annual

operating expenditure and highest profitability

compared with the CoFe-LDHs and NiFe-LDHs

catalysts, showing negative revenue projec-

tions. Considering a 10-year lifetime for 100 m
2

AEMWEs operating at 2 A cm
−2
, MOF@POM

enables green hydrogen production at a com-

petitive LCOH of US$2.324 per kg H2, which

is lower than the European Commission’s

2030 target (<$2.5 per kg H2). Compared with

MOF@POM, the TEA results for the CoFe-

LDHs and NiFe-LDHs systems yield signifi-

cantly higher LCOHs. Furthermore, an AEM

electrolyzer in the laboratory assembledwith a

MOF@POM anode (5 × 5 cm
2
) can achieve a

current of 70 A (2.8 A cm
−2
) at a voltage of

1.98 V at 25°C, demonstrating the scalability of

the MOF@POM catalyst for large-scale appli-

cations (fig. S38).

Investigation of structural evolution

We systematically investigated the structural

transformation ofMOF@POMduring thewater

oxidation process. After complete activation of

MOF@POMduringwateroxidation,MOF@POM

(MOF@POM-act) maintains its excellent struc-

tural integrity, whereas the pure MOF (MOF-

act) undergoes significant degradation and

structural collapse (fig. S39). HRTEM images

reveal subtle changes in the lattice stripes, con-

sistent with the formation of CoFe-related

metal (oxy)hydroxide, the catalytically active

phase (fig. S40). XRD characterization corrob-

orates these observations, showing that the

MOF@POM structure transitions from its in-

itial state to amixed state ofMOFandhydroxide,

ultimately forming the desired CoFe-related

metal (oxy)hydroxides (Fig. 3A and fig. S41)

(40). Furthermore, AFM measurements con-

firm a significant reduction in the lamellar

thickness of MOF@POM from 3.54 ± 0.18 to

1.47 ± 0.20 nm upon ligand detachment (fig.

S42). In situ Raman spectroscopy provides real-

time insights into surface structure changes

(Fig. 3B and fig. S43). As the applied potential

increases, characteristic Raman peaks associ-

ated with organic components at 1611, 1422,

633, and 376 cm
−1
diminish. At a potential of

1.53 V versus RHE, these peaks nearly disap-

pear, replaced by new peaks (540 to 465 cm
−1
),

indicating the formation of hydroxyl oxide spe-

cies (41). This transformation occurs only upon

an applied potential, underscoring its depen-

dence onwater oxidation (fig. S44). Unlike the

pure MOF, the surface state of MOF@POM

transitions to metal (oxy)hydroxide only after

~5 min at a voltage of 1.63 V versus RHE (Fig.

3B). This behavior aligns well with the re-

sults from in situ FTIR spectroscopy (fig. S45).

This phenomenon was further corroborated by

x-ray photoelectron spectroscopy of MOF-act

andMOF@POM-act after the stability test (figs.

S46 and S47). The emergence of a new peak in

the O 1s spectrum corresponding toM–OHand

an increase in the valence state for Co and Fe

confirms the in situ conversion ofMOF@POM

to a metal (oxy)hydroxide-grafted POM cat-

alyst during water oxidation.

The MOF@POM-act superstructure was fur-

ther validated through PDF analysis and de-

tailed investigations of its atomic and periodic

structural relationships. The detected PDF of

MOF@POM-act demonstrates excellent align-

ment with the model presented in Fig. 3C (fig.

S48). The preservation of PW9 clusters in the

MOF@POM-act superstructure was further

confirmed through the p-PDF of Ni–Fe (fig.

S49A). Detailed analysis of Ni–Ni interlayer

atomic distances reveals two primary contrib-

utions from bond pairs (Fig. 3C): one originat-

ing from a single PW9 cell (marked in pink)

and another from interactions between two

PW9 cells (marked in green). The peaks before

9 Å, such as Ni1–Ni2, correspond to Ni sites

within a single PW9, whereas a distinct con-

tribution at 9.12 Å indicates interactions be-

tween multiple POMs. The most pronounced

RESEARCH | RESEARCH ARTICLES

SCIENCE science.org 25 APRIL 2025 • VOL 388 ISSUE 6745 433



inter-POM atomic contribution appears at

13 Å, resulting from bond pairs across multi-

ple POMs located at the same site. Analogous

peak positions are identified at larger dis-

tances, such as the 13 Å extension to the next

cell at 26 Å. A similar pattern emerges in the

p-PDF of Ni-W (fig. S49B), with the distance

relationships mirroring the periodic structure.

These findings collectively validate that the

MOF@POM-act superstructure alignswell with

the monocrystalline cell.

Catalytic behavior analysis

The transformationofMOF@POMduringwater

oxidation reveals distinct roles of Co, Fe, and

Ni. The x-ray absorption near edge structure

(XANES) spectrum (Fig. 3D and fig. S50) shows

a rapid increase in the valence states of the

Co and Fe sites as the applied potential in-

creases (fig. S51). Extended x-ray absorption

fine structure analysis (Fig. 3D and fig. S52)

indicates that the coordination environments

of Co and Fe transition fromM–O (where M =

Co or Fe) toM–OH and ultimately toM–OOH.

This conclusion is supported by the observa-

tion that the M–O bond length in the MOF

exceeds 2 Å, whereas it is ~1.9 Å in M–OOH

(42). This change signifies the formation of

oxyhydroxide species and confirms that Co and

Fe sites on the surface of the MOF@POM cat-

alyst transform into the genuine active phase

M–OOH, which is widely recognized as the

true active phase for most alkaline water oxi-

dation catalysts (42). By contrast, the behavior

of Ni atoms, which act as the intermediate

layer in the superstructure, differs significant-

ly during this process (Fig. 3D and fig. S52).

AlthoughNi initially exhibits a valence increase

upon potential application, this change is less

pronounced. Furthermore, the Ni K-edge shifts

back toward its initial position after catalyst

reconstruction, indicating that the Ni sites do

not transition into an irreversible Ni–OOH

state, which is different from the in situ XAS

data previously reported for Ni as the active

site (43–45). A similar phenomenon is ob-

served for theW sites (Fig. 3D). The final Ni–O

coordination layer in the MOF@POM-act

closely resembles that in the freshly prepared

MOF@POMmaterial. These observations con-

firm that Ni does not serve as a catalytic active

7100 7120 7140 7160 7180 7200

OCP

1.23 V

1.43 V

Post-OER

7700 7720 7740 7760 7780 7800

OCP

1.23 V

1.43 V

Post-OER

8320 8340 8360 8380

OCP

1.23 V

1.43 V

1.63 V

Post-OER

N
o

rm
a

liz
e

d
A

b
s
o

rp
ti
o

n

Energy (eV)

10180 10200 10220 10240

OCP

1.23 V

1.43 V

1.63 V

Post-OER

Co K-edge

Fe K-edge

Ni K-edge

W L3-edge

0 5 10 15 20 25 30

0.0

0.1

0.2

0.3

0.4

Ni3-Ni1' (11.22)

R (Å)

G
(r

) (
Å

)

Ni2-Ni4 (3.82)

Ni6-Ni7 (3.44)

Ni5-Ni7 (4.40)

Ni3-Ni5 (4.75)

Ni2-Ni5 (5.24)

Ni1-Ni6 (5.25)

Ni1-Ni2 (6.65)

Ni1-Ni5 (7.37)

Ni1-Ni4 (8.78)

Ni2-Ni6 (8.92)

Ni2-Ni7 (9.14)

Ni6-Ni2' (9.12)

Ni6-Ni3' (10.66)

Ni1-Ni1' (13.00) Ni2-Ni2' (13.00) Ni3-Ni3' (13.00)

Ni4-Ni4' (13.00) Ni5-Ni5' (13.00) Ni6-Ni6' (13.00)

Ni7-Ni7' (13.00)

cyclicity
a

c

b

Pristine state

5 10 15 20 25 30 35 40

PDF# 14-3266

Final state

2 theta (degree)

Transition state

In
te

n
s
it
y

(a
.u

.)

7700

00) Ni3-Ni3' (13.00)

00) Ni6-Ni6' (13.00)

35 40

Raman shift (cm-1)

Pristine
OCP
1.13 V

1.63 V-5 min
1.63 V

4.0

6.0

8.0

2.0

4.0

6.0

4.0

6.0

8.0

1.8
1.9
2.0
2.1

3.2

3.3

1.8
1.9
2.0
2.1

3.3

3.4

1.9
2.0
2.1

2.9
3.0
3.1
3.2

Co-O

Co-O-M

Fe-O

Fe-O-M

Ni-O

Ni-O-M

OCP 1.23 1.43 Post-OER OCP 1.23 1.43 Post-OER OCP 1.23 1.43 Post-OER1.63

Potential (V vs. RHE)

C
N

B
L

(Å
)

DA

C

E

B

Fig. 3. Structural evolution. (A) XRD comparison of MOF@POM in different states during the water oxidation. (B) In situ Raman spectra of MOF@POM during

the water oxidation process. (C) p-PDF fitting of Ni-Ni in MOF@POM-act. (D) XANES spectra of Co, Fe, Ni, and W at different potentials of MOF@POM. (E) Variation in

the bond lengths and coordination numbers of the Co (Fe, Ni)–O and Co (Fe, Ni)–O–M coordination shells obtained from the XAS absorption spectra of MOF@POM

during water oxidation.

RESEARCH | RESEARCH ARTICLES

434 25 APRIL 2025 • VOL 388 ISSUE 6745 science.org SCIENCE



site during the water oxidation process; on the

contrary, it undergoes elastic deformation dur-

ing the structural transformation process. The

changes in oxidation states of Ni and W ob-

served during the water oxidation process in-

dicate their involvement in electron transfer

from CoFe sites to the electrode. Ni sites act

as intermediate connectors in the upper struc-

ture, stabilizing the active phase, whereas POM

primarily serves as an electron-transfer carrier

(46, 47), enhancing conductivity during the

water oxidation process.

To provide a comprehensive understanding

of the stable mechanism of metal active sites

during the water oxidation process, the bond-

ing state between adjacent metals and oxygen

in the layer was analyzed. As shown in fig. S53,

MOF@POM-act and MOF-act materials ex-

hibit shorter M–M and M–O bond lengths.

This result stems from the self-optimization of

the catalysts during structural transformation,

suggesting that metal (oxy)hydroxide has a

more stable coordination environment than

the initial MOF materials. After the transfor-

mation, the bond lengths of M–M and M–O

remain relatively stable despite increases in

applied potential. This observation is con-

sistent with the minimal K-edge shifts de-

tected at various voltages, indicating that the

catalyst no longer undergoes significant struc-

tural changes after the reconfiguration (figs.

S54 and S55). The Ni sites maintain consistent

coordination numbers for M–O and M–O–M

throughout this process (Fig. 3E). In partic-

ular, after the cessation of the applied poten-

tial, the coordination numbers of both M–O

and M–O–M of the Ni sites nearly return to

their initial state. These in situ XAS observa-

tions for Ni over the MOF@POM catalyst

reveal that the Ni sites serve as elastic defor-

mation modulators, preserving a stable coordi-

nation environment for the Co and Fe sites

during structural transformation, as well as

the water oxidation process. This role ensures

sustained catalytic activity.

Theoretical calculation of catalytic mechanism

We used density functional theory to deter-

mine the effect of POM grafting on the water

oxidation performance of the MOF@POM-act

superstructure, especially for long-term water

oxidation operation. In accordance with our

p-PDF fitting of the MOF@POM-act structure

and the evolved active species for the water

oxidation, we constructed and modeled single-

layer Co0.5Fe0.5OOH grafted onto POM (CCDC-

2421729) (Fig. 4A).A thermodynamicdissolution

diagram was calculated to predict the stable

phase of single-layer Co0.5Fe0.5OOHand POM/

Co0.5Fe0.5OOH relative to dissolutive phases

under high oxidative potential and pH condi-

tions (figs. S56 to S58) (48). Co0.5Fe0.5OOH on

POM is more stable than bare Co0.5Fe0.5OOH

under water oxidation conditions (pH= 14). In

addition, the electrochemical phase diagram

(at pH = 14) confirms the enhanced stability of

POM/Co0.5Fe0.5OOH over Co0.5Fe0.5OOH (Fig.

4B and figs. S59). As the potential increases,

Co0.5Fe0.5OOH is a thermodynamically stable

phase up to 1.48 V versus RHE (Fig. 4C). Beyond

this potential, phases that tend to dissolve be-

come thermodynamically favored. Through the

grafting of POM, Co0.5Fe0.5OOH can be stabi-

lized at potentials up to 1.80 V versus RHE.

Considering the dissolution energy barrier re-

ported in the literature (Ga = ~0.4 eV) (fig. S60),

we calculated that the degradation time can

be expressed as a function of the reaction en-

ergy and barrier using the Arrhenius equation

(Fig. 4C). The Fe and Co sites in traditional

Co0.5Fe0.5OOHcan quickly dissolve into the elec-

trolyte at 2.0 V versus RHE. This rapid dissolu-

tion leads to low stability, often limiting the

operational life of thesematerials to significantly

less than 2000 hours. By contrast, at the same

potential, introducing POM substantially sup-

presses the dissolution of Fe and Co sites,
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allowing Co0.5Fe0.5OOH to work for up to

~5000 hours, notably improving the stability

of the transition metal compounds. This the-

oretical prediction is in good agreement with

the active decay pattern observed in the ex-

perimental data (Fig. 2C). Moreover, the decay

of the catalyst activity exhibits linear behavior

below 2.0 V, as shown in Fig. 4C. This theoret-

ical prediction is in good agreement with the

active decay pattern collected from experi-

mental data (Fig. 2C and fig. S33), providing

an insightful methodology for the screening of

highly active and stable catalysts.

In addition, we calculated the electronic

structure to study themechanismof long-term

stability. According to the calculated charge

difference density, electron transfers from the

Ni atom to theCo0.5Fe0.5OOHreduce the charge

state of the Fe and Co sites for catalyzing the

water oxidation (Fig. 4D and fig. S61). This ef-

fectively prevents Fe and Co sites from the high-

charge state to overoxidation during the water

oxidation process, thereby mitigating their dis-

solution. Conversely, a high–water oxidation

overpotential (corresponding to low activity)

forces the Fe and Co sites to catalyze the water

oxidation at relatively high potentials, which

is also a reason for overoxidation. Diminishing

the impact of potential on the dissolution of

Fe and Co atoms is a way to improve stability.

We analyzed the water oxidation activity of

Co0.5Fe0.5OOH with and without POM by

calculating the free energy change of the

water oxidation (Fig. 4E). The highest en-

ergy change of 2.37 eV occurs during the

*OOH formation step on Co0.5Fe0.5OOH, in-

dicating a greater energy requirement for

*OOH formation compared with other inter-

mediates (35). This is consistent with the tested

Tafel slopes, suggesting that *OOH formation

is the rate-determining step, with an associ-

ated overpotential of 1.14 V. By contrast, POM/

Co0.5Fe0.5OOH displays a lower overpotential

of 0.64 V for the same rate-determining step.

This suggests that Fe and Co sites in POM/

Co0.5Fe0.5OOH facilitate water oxidation at

lower potentials, ensuring stable water oxi-

dation operation. These theoretical findings

support the durability of POM-stabilized

Co0.5Fe0.5OOH during long-term water oxida-

tion operation.

Conclusions

In summary, we report a robust superstruc-

ture by constructing a POM-coordinated MOF

through targeted grafting, aiming to solve the

dissolution and corrosion issue of the crucial

metal (oxy)hydroxide active sites responsible

for alkaline water oxidation. We have shown

the high stability and activity of this catalyst

in the AEMWEs. Implementing it in indus-

try that can contribute to a sustainable green

hydrogen production will critically rely on the

development of membrane fabrication, truly

affordable electricity, and the maturity of the

hydrogen energy industry chain.
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These positions will serve as key members of AFPI’s Office for Fiscal and

Regulatory Analysis (OFRA) team, working directly with senior members of

OFRA to help advance its quantitative portfolios in fiscal and regulatory fields.

These positions will be good fits for those passionate about building tools and

applying them to advance public policy.

RESEARCH SCIENTIST

What you would do: Develop quantitative analyses to support OFRA’s

scorekeeping operations and enhance the understanding of various policy

issues. Use open source and other modeling resources to analyze policy

proposals and apply policy and academic research relating to methods and

key assumptions. Develop and maintain a variety of quantitative models

encompassing econometric and statistical models, simulations, and machine

learning and deep learning methods. Operate with discretion in an environment

that requires information security.

Qualifications include:

• 8+ years of relevant, quantitative research experience after PhD degree

or equivalent

• Strong experience with team-based software development and principles

• Strong programming ability in Python, R, or other common

programming languages

• Deep expertise in econometrics, statistics, simulations, machine learning, or

deep learning—preferably multiple from the list

QUANTITATIVE RESEARCHASSOCIATE

What you would do: Develop quantitative analyses to support OFRA’s

scorekeeping operations and enhance the understanding of various policy issues.

Use open source and other modeling resources to analyze policy proposals and

apply academic research relating to methods and key assumptions. Develop

and maintain a variety of quantitative models encompassing econometric

and statistical models, simulations, and machine learning and deep learning

methods. Support senior staff with cross-cutting research efforts. Operate with

discretion in an environment that requires information security.

Qualifications include:

• A doctoral degree in a quantitative field

• Strong experience with team-based software development and principles

• Strong programming ability in Python, R, or other common

programming languages

• Deep expertise in econometrics, statistics, simulations, machine learning, or

deep learning—preferably multiple from the list

• Ability to maintain productive, collaborative, and collegial relationships

with staff and external stakeholders and uphold the public reputation of

the organization

PLATFORM ENGINEER

What you would do: Develop server applications, APIs, local tools, and

libraries to support data scientists and economists in their analysis. Design,

manage, and maintain cloud-based infrastructure and resources, particularly:

compute, networking, storage, serverless functions, vector data storage and

processing. Manage IAM and ensure security best practices. Design and

maintain monitoring, logging, and CI/CD tools and pipelines.

Qualifications include:

• Strong experience and familiarity with team-based software development

and principles

• Solid programming ability in Python and preferably several other languages

• Deep expertise in managing resources within at least one major

cloud platform

• Machine learning or statistics experience is a plus

• A strong interest in pursuing interdisciplinary research

• Excellent attention to detail

SOFTWARE ENGINEER

What you would do: Develop applications and libraries to support data

scientists and economists in modeling and policy forecasting. Build reactive

frontends that meet modern performance and accessibility standards. Work

with Python and JavaScript to provide backends that are well-tested and secure.

Communicate with users to fix issues and develop new features. Operate with

discretion in an environment that requires information security.

Qualifications include:

• Strong experience and familiarity with team-based software development

and principles

• Solid programming ability in JavaScript, HTML, CSS, and Python

• A good eye for web design and interface usability

• Machine learning or statistics experience is a plus

• Excellent interpersonal skills and communication skills (both oral

and written)

For additional information on these opportunities, please visit:

https://americafirstpolicy.com/careers

The Department of Pathology in the Wayne State University School of Medicine
(https://pathology.med.wayne.edu/) is expanding its high-impact research
program and is seeking outstanding candidates who are addressing fundamental
and/or translational scientific questions that complement the department’s existing
strengths. A current area of focus is the molecular pathogenesis of human diseases.
Additional areas of interest include cancer biology, metabolism, and inflammation.

These tenure-track positions are expected to be filled at the assistant professor
level. A competitive start-up package will be provided, commensurate with the
candidate’s experience and accomplishments. Successful candidates will be
expected to establish an extramurally funded, internationally recognized research
program and contribute to graduate and medical education as well as departmental
and university service. Numerous opportunities for scientific collaboration are
available within the department and across the institution.

Candidates holding a PhD and/or MD (or equivalent degrees) with a strong
record of research productivity are encouraged to apply. For more information
and to submit your application, please visit https://hr.wayne.edu/jobs?utm_
source=jobs.wayne.edu (Posting #req2618 and #req2619). Application
materials should include a cover letter, a research statement (1–3 pages), a teaching
philosophy, and a curriculum vitae.

Our department has a longstanding tradition of providing high-quality education
and pioneering research training for medical and graduate students in our PhD
and MD-PhD programs. A distinctive strength of our graduate programs is the
integration of rigorous research training with a broad understanding of the clinical
aspects of human disease pathogenesis.

Wayne State University is a premier public research university located in the heart
of Detroit, offering students from all backgrounds a rich, high-quality education.
Our strong commitment to excellence, collaboration, integrity, diversity, and
inclusion creates exceptional opportunities for educational and professional
success in today’s global society. We strongly encourage applications from
women, individuals from underrepresented groups in biomedicine, and others who
share our commitment to diversity and inclusion. Wayne State University is an
affirmative action/equal opportunity employer.

The metropolitan Detroit area, with a population of approximately four million,
offers many outstanding residential communities, excellent public and private
K–12 schools, a vibrant cultural and recreational scene, and proximity to other
major institutions of higher education.

THE DEPARTMENT OF PATHOLOGY

WAYNE STATE UNIVERSITY SCHOOL OF MEDICINE
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As a child, I was convinced that a 

career in global health was for me. 

I dreamt of becoming a doctor and 

biomedical researcher, envisioning 

myself as a sort of Black Lara Croft, 

fearless and daring—except instead 

of searching for artifacts, I’d create 

groundbreaking cures and treat pa-

tients all around the world.

But as the years progressed, my 

dream seemed increasingly un-

attainable. During college, I was 

one of the only Black students in 

my STEM  courses. It was hard to 

see myself in a field in which so 

few people from my background 

were represented.

As a first-generation student, I 

also struggled to find guidance on 

how to reach my career goal. Unlike 

many of my peers, I did not have 

family members or connections who 

were doctors or scientists. I was often told my dream was too 

ambitious: I wanted to become both a neuroimmunology 

researcher and a neurosurgeon, helping people in low- and 

middle-income countries. But my undergraduate advisers 

were skeptical and suggested I focus on just one field of study.

These experiences shook my confidence and left me 

questioning my plans. Even after I started my Ph.D., I 

often felt I didn’t belong there. And I was plagued with 

doubts about the two massive projects I had taken on. I 

felt so overwhelmed by everything I would have to do over 

the next 3 years that I struggled to even get started.

But things changed after I started rowing.

I initially joined my college’s boat club as a way to fully 

immerse myself in the student experience and develop a 

community away from home. It seemed like a fun and ex-

citing new opportunity—and I soon found it to be an em-

powering one, too.

Rowing suffers from the same lack of diversity as bio-

medical research, with very few Black women rowers at 

my university. When I joined the boat club, I was nervous 

I would stand out or the rowing 

community wouldn’t accept me—

the same feeling I experienced 

in science. But despite my initial 

fears, I was embraced by my fel-

low rowers, who not only gave me 

support and guidance to improve 

my technique, but also made me 

feel appreciated and valued. As a 

result, when I’m having my doubts 

about belonging in science, I now 

reflect on the fact I’m already do-

ing something I once thought 

would be impossible for me.

Rowing also helped me develop 

discipline and a new approach for 

tackling difficult tasks. At first, I 

felt overwhelmed by what seemed 

like unattainable goals, such as 

rowing nonstop for 2 kilometers in 

less than 8 minutes. But I realized 

that by breaking these goals down 

into smaller steps, I was able to set mini-milestones that 

were much less intimidating and more feasible.

I began to use a similar strategy in my Ph.D.: By view-

ing my projects as a series of small goals, they became 

much more manageable. During the process of designing 

my first lab experiment, for instance, I started to stress 

over the complexity of all the procedures involved. But 

instead of giving in to the fear of being inadequate, I 

began to focus on how I could make sure each step was 

successful. Within a couple months of starting to row, I’d 

found a new level of confidence—both on the water and 

in the lab.

On that early Thursday morning on the river, I’m so fo-

cused on my strokes that I’m surprised when a loud blow-

horn goes off. As I catch my breath, it starts to dawn on 

me that I’ve completed my first race. And suddenly, my 

future career as physician-scientist finally begins to seem 

attainable, too. j

Jasmine Gabriel Hughes is a Ph.D. student at the University of Cambridge.

“Within a couple months 
of starting to row, I’d found a new 

level of confidence.”

Healing waters

I
t’s 5:25 a.m. on a Thursday and my alarm goes off. I sluggishly get up from bed, add several layers 

of clothing, and make my way toward the chilly River Cam for my first ever race. As I get closer to 

the boathouse, doubt and fear start to bubble up. Can I really do this? But when my paddle touches 

the water, a calmness washes over me. I take it one stroke at a time; if I mess up, I just breathe and 

keep going. The mindset I’ve developed as a rower keeps me focused and in control—and as we zip 

down the river, I realize it’s helped me regain my confidence as a scientist, too.

By Jasmine Gabriel Hughes
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In partnership with:

Start planning your future today!

myIDP.sciencecareers.org

Features in myIDP include:

§ Exercises to help you examine your skills, interests, and values.

§ 20 career paths with a prediction of which ones best fit your skills and interests.

§ A tool for setting strategic goals with optional reminders to keep you on track.

§ Articles and resources to guide you through the process.

§ Options to save materials online and print them for further review and discussion.

§ A certificate of completion for users that finish myIDP.
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