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he chaos, conflicting information, firings, and 

hurtful rhetoric of the Trump administration’s ap-

proach to science over the past month are caus-

ing anxiety, grief, and concern for the scientific 

community in the United States. The dramatic 

events are reverberating around the globe, espe-

cially among international scientific collabora-

tors. Not surprisingly, scientists in the US and around 

the world do not agree on the best approach to preserve 

science during this onslaught. A diversity of thought has 

always been a strength of the scientific enterprise but at 

the same time, there are principles around which all sci-

entists unite—those of evidence, independence, process, 

and inclusion. These common values must now propel 

everyone in the scientific commu-

nity to work together as never be-

fore to stand up for science.

The unprecedented events 

have pushed some universi-

ties and associations to sue the 

federal government to block ex-

ecutive orders and other actions 

that are harming science—and 

nearly all are working behind 

the scenes in Washington, DC, to 

protect the scientific community. 

The chief executive officer of the 

American Association for the 

Advancement of Science (AAAS, 

the publisher of Science), Sudip 

Parikh, forcefully objected to the 

appointment of Robert F. Kennedy Jr. as the Secretary 

of Health and Human Services (HHS); the Association 

of American Medical Colleges spoke out against the 

firings in HHS; and the Association of American Uni-

versities objected to arbitrary cuts to indirect costs in 

grants from the National Institutes of Health (NIH). 

Presidents of universities, including some in Repub-

lican states, have made strong statements about the 

damage to public health in their states that will arise 

from cuts to NIH funding. At George Washington Uni-

versity, where I am a faculty member, President Ellen 

Granberg described the situation to me as a tragedy 

that risks “destroying a scientific enterprise that is the 

envy of the world, one that has saved countless lives 

and produced innovations that help fuel our economy.” 

But she also stressed, “We are watching the legal pro-

ceedings carefully and, while we will always in the end 

comply with the law, we will do everything possible to 

preserve the principles we have always followed and 

protect the people of our community.”

Many scientists and faculty members at universities 

still do not see the actions of science leaders as suffi-

cient. My plea to my academic colleagues in this time is 

to trust that science’s leaders are making the best judg-

ments they can about how to proceed, remembering 

that timing can be everything. The vast majority of uni-

versity presidents appreciate that this is an existential 

moment requiring careful and consistent action to pre-

serve the values and ambitions of science. Anxious fac-

ulty and students will need to be continually apprised 

by university leadership on potential changes to views 

and strategies. Although that may be uncomfortable, 

actions in the name of unity are worth taking the risk.

Those in the scientific community who enjoy the pro-

tections of academic and other 

freedoms afforded by the US 

Constitution’s First Amendment 

should do and say more. Some 

will march in the streets, some 

will send messages to Congress, 

and some will focus on their re-

search, students, and trainees. 

And just as leaders deserve some 

leeway to decide when to speak 

out most effectively, they should 

support their constituencies by 

not trying to squelch or steer 

more strident voices.

As for the Science family of jour-

nals, we will continue to uphold 

the highest standards of scientific 

integrity while publishing groundbreaking research, pro-

vocative commentary, and news that is unencumbered by 

interference. We will not change the principles and pro-

cesses by which we serve the scientific community. The 

Science journals stand in solidarity with similar comments 

made by our colleagues at the Journal of the American 

Medical Association and the Public Library of Science.

The weeks ahead may be the greatest test that the 

US scientific community has ever faced. In time, the 

dust will settle, and the new challenges confronting 

the enterprise will be clear. It will then be time to take 

stock and learn how to prosper in a new era. To pre-

pare for that, we need unity and support for each other 

now. Regardless of style and tactics, everyone in the 

American scientific community must hold to the prin-

ciples of independence, peer evaluation, and inclusion. 

These have enabled the country’s success in science 

and technology for at least a century. We will not turn 

our backs on them now.*

–H. Holden Thorp

Come together, right now

H. Holden Thorp

Editor-in-Chief, 

Science journals. 

hthorp@aaas.org

10.1126/science.adw9972*A longer version of this piece can be found at https://www.science.org/doi/10.1126/science.adw9972.

“The weeks 
ahead may be the 

greatest test 
that the US scientific

community 
has ever faced.”
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At a rally last week, Jenna McGrew protested cuts at NIH, saying they could harm her brother, who has been receiving treatment there for the past year.

Edited by Jeffrey Brainard

MORE NIH JOB CUTS  President 

Donald Trump’s administration 

told the 27 directors of the U.S. 

National Institutes of Health 

to expect to cut staffing back 

to 2019 levels, or at least 10% 

below NIH’s  2024 tally, sources 

told Science last week. That 

could lead to more terminations 

beyond the 1200 employees—

just over 5% of the biomedical 

research giant’s 20,000 staff—

let go so far this month as part 

of the governmentwide firings of 

“probationary” employees, who 

generally had less than 1 or 

2 years in their current position.

PROBATIONARY REDEFINED    

When the National Science 

Foundation (NSF) last week fired 

168 employees, or 10% of its 

workforce, about half had pro-

bationary status. But several of 

the fired probationary scientists 

told Science that NSF reclassi-

fied them from permanent just 

days before. NSF has historically 

made employees permanent 

after 1 year of service. NSF 

officials told the reclassified 

employees the agency had 

made a mistake and that their 

probationary period should have 

lasted 2 years, Wired reported. 

The change enlarged the pool 

eligible to be dismissed.

FELLOWS AXED  At least 15 of 

21 fellows in the Centers for 

Disease Control and Prevention’s 

(CDC’s) Laboratory Leadership 

Service were axed this month. 

The highly competitive, 2-year 

program trains Ph.D. scientists 

in the intricacies of public health 

laboratory work and sends them 

to states and municipalities that 

ask for help with local outbreaks. 

A CDC staffer who works with 

the program calls the trainees 

“very successful, service-minded 

people,” and adds, “Who would 

want to come in and work in 

public health after this?” 

FIRED, REHIRED  After firing 

scores of scientists, adminis-

tration officials scrambled to 

rehire some it decided after the 

fact were important to retain. 

Among those called back were 

at least 15 of 28 probationary 

employees let go at the National 

Bio and Agro-Defense Facility in 

Kansas. Those laid off included 

some working on the outbreak of 

highly pathogenic avian flu that 

is driving up egg prices across 

the country. Separately, the 

U.S. Department of Agriculture 

hired back a plant breeder who 

had been leading an effort to 

improve the utility of its “gene 

banks”—vast collections of 

seeds and living crops mined by 

researchers and private seed 

companies. And dozens of work-

ers dismissed from the Food and 

Drug Administration’s (FDA’s) 

medical devices division were 

rehired, The New York Times 

reported. Their dismissals last 

week drew criticism because 

their remit includes evaluating 

applications filed by Neuralink, 

which is developing a controver-

sial brain-computer interface 

TRUMP TRACKER

Confusion, woe deepen over White House’s science squeeze

“
Nobody voted to halt cancer research. Nobody voted to cut 

lifesaving treatments for heart disease.

”Ph.D. student Emilya Ventriglia, who has conducted research at the U.S. National Institutes of Health, 

at a rally this week in Washington, D.C., protesting the Trump administration’s cuts to science.
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Petawatt electron pulses debut
ACCELERATOR PHYSICS |  For decades, 

researchers have squeezed laser light into 

pulses so short that, for just an instant, 

they pack 1 million gigawatts of power. 

Now, physicists have matched that feat by 

producing petawatt pulses of electrons, a 

paper in press at Physical Review Letters 

reports. Researchers at SLAC National 

Accelerator Laboratory used a laser to 

manipulate a millimeter-long bunch of 

electrons emerging from a linear accelera-

tor, with lower energy particles preceding 

higher energy ones—a so-called chirp. The 

laser added another chirp to the bunch, 

which the team then ran through other 

accelerating chambers and magnetic bends 

designed to let higher energy electrons 

catch up to lower energy ones. The effect 

was to crowd electrons in the middle of the 

bunch into an ultraintense pulse only 

0.3 micrometers long. Such petawatt 

electron beams could be used to gener-

ate plasmas resembling those in cosmic 

settings such as gamma ray bursts, and 

someday might even rip particles out of 

empty space, as theory predicts is possible.

‘Passing’ as white extended lives
HEALTH DISPARITIES |  Black men in the 

United States who “passed” as white to skirt 

segregation and discrimination in the 20th 

century lived 9.4 months longer, on average, 

than their siblings who continued to publicly 

identify as Black, a study has found. The 

research, which relied on census records 

collected between 1880 to 1940 and Social 

Security data from 1975 to 2005, provides 

an unusual glimpse of the effect of inequali-

ties on health outcomes. The extra longevity 

represents about 36% of the total longevity 

gap between all Black and white people at 

the time, which was about 2.15 years, accord-

ing to the working paper, published by the 

National Bureau of Economic Research. On 

average, Black people who passed as white 

had 2.2 more years of education than their 

nonpassing siblings, which the authors esti-

mate accounted for nearly all of the increase 

in their longevity. 

Fusion scientist to lead UKRI
LEADERSHIP |  Ian Chapman has been 

picked as the next chief executive of UK 

Research and Innovation (UKRI), the coun-

try’s national science funding agency with an 

annual budget of £9 billion, starting in June. 

In 2016, months after the United Kingdom 

voted to leave the European Union, he was 

appointed CEO of the UK  Atomic Energy 

Authority, where he oversaw the shutter-

ing of the EU-backed Joint European Torus 

fusion research facility and refocused the 

U.K.’s fusion program to build the country’s 

own prototype power reactor. UKRI faces 

possible flat funding as the government tries 

to trim its budget.

PALEONTOLOGY 

Famed fossil museum may close because of money shortfall 

T
he Paleontological Research Institution (PRI), home to one of the most extensive inverte-

brate fossil collections in North America, is facing imminent closure after its major donor 

could not make good on a pledge. The museum is now in danger of defaulting on its mort-

gage. Founded in 1932, the institution in Ithaca, New York, houses more than 7 million 

specimens, including the largest collections anywhere of fossils from Antarctica, 

Venezuela, and the Dominican Republic, which draw researchers from around the world. A 

single, anonymous donor gave it more than $20 million from 2000 to 2023 but has since run 

into financial hardship. Cornell University, also in Ithaca, told Science it cannot provide PRI the 

needed funds. If it closes, its collections may be divvied up among other institutions or lost.

An Ithaca, New York, museum hosts Antarctic fossils such as these Cretaceous period ones from Seymour Island.

device. The company is owned 

by billionaire Elon Musk, who has 

led governmentwide firings on 

behalf of Trump. Medical device 

manufacturers whose products 

need FDA vetting had pushed for 

those rehires, noting they—not 

taxpayers—funded the positions 

with required fees.

DEI AWARDS CANCELED  The Chan 

Zuckerberg Initiative (CZI) science 

philanthropy canceled its Science 

Diversity Leadership awards after 

one round. The program had 

offered $1.15 million over 5 years 

to biomedical researchers with 

a record of promoting diversity, 

equity, and inclusion (DEI) in 

their scientific communities. CZI 

attributed changes to its DEI 

programs to “the shifting regula-

tory and legal landscape,” The 

Guardian reported. Last month, 

Trump issued an executive order 

that demands the end of DEI and 

other “illegal discrimination” by 

wealthy foundations, universities, 

and corporations.

FIVE THINGS YOU DID  U.S. science 

agencies and staff research-

ers were left confused after the 

administration’s personnel office 

asked all federal workers in a 

22 February email to detail five 

things they accomplished in the 

previous week. Musk posted on 

social media that workers who 

did not comply within 2 days 

faced firing, although the email 

did not include that legally 

questionable threat. An Interior 

Department  official emailed staff 

there that they should reply and 

copy managers; some manag-

ers in the National Oceanic and 

Atmospheric Administration told 

employees to craft replies but not 

to send them yet, The Washington 

Post reported. “To be treated the 

way that somebody in an entry 

level job might be is shocking,” 

an NIH  scientist told Science. A 

biologist at a U.S. cancer center 

offered a tongue-in-cheek list 

of accomplishments in a social 

media post that he dedicated 

to all his “fantastic colleagues 

at NIH, NSF, and CDC.”  Adapted 

from the lyrics of a famed 1987 

pop song by Rick Astley, it began: 

“Monday: Never gave you up. 

Tuesday: Never let you down.”



By Katie Langin

F
or one postdoc, uncertainty about 

whether the funding for her awarded 

“diversity” fellowship from the National 

Institutes of Health (NIH) will come 

through means she’s spending valuable 

time writing more applications instead 

of doing research. For another, learning that 

the “dream job” he’d been offered at the U.S. 

Department of Agriculture (USDA) was be-

ing withdrawn because of the federal hiring 

freeze has left him clinging to his current 

position—and $5000 poorer because he al-

ready canceled his lease in preparation for 

moving. And a Ph.D. student whose dream is 

to one day lead a planetary mission at NASA 

is “panicking” about her professional future.

These are just a few of the countless re-

searchers reeling after President Donald 

Trump’s administration unleashed a wave 

of actions over the past month—freezing 

funds, firing thousands of federal employees, 

upending programs and research related to 

gender and diversity, and more. Scientists of 

all stripes have been affected, but none more 

so than early-career researchers, a group 

already struggling with low pay and job in-

security. Now, some wonder how many of 

those budding researchers will throw in the 

towel and leave science, or the United States, 

entirely. “There’s going to be a missing age 

class of researchers that will reverberate for 

years,” one federal scientist fears.

Scores of young researchers were af-

fected after the country’s main federal 

funding agencies, NIH and the National 

Science Foundation (NSF), canceled pro-

grams that were judged to be in violation 

of Trump’s 21 January executive order ban-

ning “dangerous, demeaning, and immoral 

race- and sex-based preferences under the 

guise of so-called ‘diversity, equity, and in-

clusion’ (DEI).” Some were supplements 

to other grants secured by principal inves-

tigators and were meant to support the 

salaries and career development of train-

ees from underrepresented groups. Others 

were awards given directly to graduate stu-

dents and postdocs who proposed, as part 

of their research or through outreach, to 

help broaden the participation of under-

represented groups in science, technology, 

engineering, and math fields.

“These kinds of shocks are going to lead to 

a mass exodus … for minorities in particular,” 

says Trajan Hammonds, a Princeton Univer-

sity math Ph.D. student who last year applied 

for one of the postdoc fellowship programs 

NSF has since canceled. He expected to hear 

news about his application this month—but 

instead he got an automated email notifi-

cation that the program had been deleted. 

He’s now scrambling to find other postdoc 

opportunities. “I’m fairly annoyed,” he says. 

“I would’ve happily applied for the ‘regular’ 

[fellowship] … and I would have had a pretty 

strong application.”

Another applicant, a postdoc who asked 

to remain anonymous, says she’s concerned 

about her own future in science—and 

about what will come of efforts to ensure 

the academic community is accessible 

to people who come from disadvantaged 

backgrounds. “What part of diversity, eq-

uity, and inclusion do you have a problem 

with?” she asks.

The campaign against DEI could endanger 

some nondiversity grants to early-career re-

searchers as well. One Ph.D. student, who also 

wished to remain anonymous, told Science 

she applied for an NIH training grant to sup-

port her research on maternal mortality. Her 

proposal, which had been scheduled to be re-

viewed in January, mentioned racial dispari-

ties and used gender-neutral language such 

as “birthing people.” She fears it may now be 

NE WS
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TRUMP ADMINISTRATION

U.S. early-career scientists struggle amid chaos
Uncertain funding, government firings, and university distress hit the most vulnerable

I N  D E P T H

Students and postdocs 

fear an even more brutally 

competitive job market.



By Daniel Clery

A 
modest space telescope with an in-

novative design is about to search for 

traces of a key moment in cosmic his-

tory: the first tiny fraction of the first 

second following the Big Bang. The 

Spectro-Photometer for the History 

of the Universe, Epoch of Reionization, and 

Ices Explorer (SPHEREx), an infrared tele-

scope with mirrors no bigger than a dinner 

plate and a price tag less than 1/20 that of 

NASA’s flagship JWST space observatory, is 

designed to survey 450 million galaxies and 

create a vast 3D map. Those data will shed 

light on galaxy evolution and the chemistry 

of our Galaxy, but perhaps its most striking 

use is searching for evidence of cosmic “in-

flation,” a theorized trillion trillionfold bal-

looning of the universe in its first billionth of 

a trillionth of a trillionth of a second.

SPHEREx aims to narrow down the pos-

sible drivers of that growth. “It’s a cool 

project,” says cosmologist Jo Dunkley of 

Princeton University. “I’m pretty excited we 

could detect one [of the signatures of infla-

tion] that would tell us more.”

The $488 million telescope, scheduled for 

launch this week into low-

Earth orbit, commands a 

wide field of view, the equiva-

lent of 200 full Moons. Dur-

ing its 2-year mission, this 

will enable it to map the sky 

every 6 months, recording the 

“color” of galaxies in infrared 

light—a clue to distance, as 

light from farther objects is 

redshifted because of the ex-

pansion of the universe. “We 

struggled quite a bit with 

the design of the optics” to 

fulfill its varied goals, says 

SPHEREx principal investiga-

tor James Bock of NASA’s Jet 

Propulsion Laboratory.

A series of three aluminum 

mirrors gathers light from its 

wide view and onto detec-

tors via so-called linear vari-

able filters. The filters only 

transmit light around a cer-

tain wavelength, which var-

ies along the length of the filter. The entire 

spacecraft rotates to shift the light across  

the filter in 102 steps, capturing 102 differ-

ent colors. The setup is not as precise as a 

spectrometer, the usual device for analyzing 

different wavelengths of light, but allows 

SPHEREx to survey a large area of sky at 

reasonable cost. Three nested photon shields 

keep the telescope cold, preserving its sensi-

tivity to incoming infrared signals.

Astronomers hope the resulting data will 

allow them to probe possible drivers of in-

flation, a concept developed in the 1970s to 

get around certain problems thrown up by 

the cosmic microwave background (CMB) 

radiation, an all-pervading afterglow of the 

Big Bang. Dating from just 380,000 years 

after the Big Bang, the CMB appears now 

remarkably smooth, suggesting a uniform 

universe in all directions. But why should 

conditions at opposite ends of the universe, 

which could never have communicated be-

cause of light’s finite speed, look so similar? 

“This picture of the primordial universe that 

we have is extremely boring,” says astro-

particle physicist Lucien Heurtier of King’s 

College London. “It’s basically the same ev-

erywhere and that was a big surprise.”
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flagged as being in violation of Trump’s ex-

ecutive orders.

Young researchers also face the prospect 

that positions for graduate students and 

postdocs will dwindle because of broader 

scale cuts to research funding—for instance, 

the threatened reduction in the indirect costs 

that universities charge to carry out research 

funded through federal grants. As gradu-

ate school admission decisions are being 

made, faculty at several research-intensive 

universities—including Vanderbilt Univer-

sity and the University of Washington—have 

been told to reduce the size of their incoming 

cohorts, the health news site STAT reported.

Some prospective students wonder 

whether they will even accept a slot if of-

fered. Mathew Sarti was hoping to start grad 

school this fall. Now, he says, “I want to wait 

and see how departments handle certain 

things before committing fully to a place,” 

he says. He’s holding out for a department 

that will support students affected by the 

turmoil, as he was. Sarti, a junior specialist 

in a lab at the University of California, Santa 

Cruz, heard from NIH in January that he was 

being recommended to receive a diversity 

training grant. But on 5 February he and his 

supervisor received a follow-up email that 

said, “I regret to have to inform you that NIH 

has instructed us not to issue any diversity 

supplements that are pending.” He lost fund-

ing to attend conferences, and he can’t afford 

to pay his own way. “I’m first generation in 

all senses of the word.”

Many of the federal scientists fired this 

month are also early in their careers. “I 

feel like I was robbed of a career,” says one 

biologist who was terminated from his 

position at the U.S. Geological Survey on 

14 February. Another fired scientist, who had 

started a position at USDA in 2023 after fin-

ishing a 3-year postdoc, says he had “envi-

sioned this being my last job—one I would 

be in for 20 or more years.”

They’re now suddenly in an uncertain 

position, with a new set of financial chal-

lenges and anxiety about where they’ll be 

able to find work next. “I’m not optimistic 

about an already competitive job market 

that is going to be flooded with qualified 

scientists,” one said.

That leaves those earlier in the career 

pipeline worried as well, especially as reports 

start to trickle in about universities slowing 

hiring of faculty members and postdocs. 

“What does my future look like?” asks Ashley 

Walker, a fourth year planetary science Ph.D. 

student at Howard University who founded 

#BlackInAstro and dreams about working 

at NASA someday. “The job market—what it 

looks like today, will be completely different 

a year from now, right? And so, what trajec-

tory does that lead me in?” j

Infrared space telescope will 
probe ‘inflation’ after Big Bang
SPHEREx hopes to explain our “boring” uniform universe

ASTRONOMY

SPHEREx’s nested photon shields give it an unusual horn-shaped 

appearance but are there to keep its telescope cool in space.



By Leslie Roberts

A
t Yale University’s Humanitarian Re-

search Lab, researchers are poring 

over satellite images and thermal 

sensing data captured over the Dar-

fur region of Sudan over the past few 

weeks, looking for telltale signs of re-

cent violence. Where a hospital stood just a 

few weeks ago, there may only be scarred ru-

ins today. A graveyard on the edge of a town 

has undergone a sudden expansion. Entire 

villages have been torched.

The lab, part of Yale’s School of Public 

Health, is one of several groups gauging 

the devastation caused by Sudan’s bru-

tal civil war. The conflict, drowned out 

in the media by other crises, has resulted 

in the worst famine in 40 years, disease 

outbreaks, and the destruction of vital 

infrastructure, and has driven more than 

14 million people from their homes. The 

recent U.S. freeze on foreign aid, which has 

provided billions of dollars to Sudan the 

past 2 years, has deepened the crisis. But 

assessing the toll, which can guide human-

itarian responses and help investigate war 

crimes, can only be done from afar.

One reason is the intense fighting, which 

has made large parts of the country in-

accessible. But the warring factions 

are also blocking access. The Suda-

nese government is “very hostile to data 

gathering and to having a major humani-

tarian presence,” says Alex de Waal, an 

expert on food security and Sudan at the 

World Peace Foundation at Tufts University.

As a result, estimates of how many people 

have died from fighting and related causes 

have varied from 20,000 up to 150,000. 

“We can’t responsibly give a number,” says 

Nathaniel Raymond, executive director of 

the Humanitarian Research Lab. “Many who 

would do the counting are dead or displaced.” 

But the few data available show that “abso-

lutely more people are dying of starvation and 

disease than bullets and bombs,” says Maha 

Sulieman, a doctor and director of outreach 

for the nonprofit Sudanese American Physi-

cians Association (SAPA).

Since April 2023, the government’s Su-

danese Armed Forces (SAF) have been bat-

tling the paramilitary Rapid Support Forces 

(RSF), an outgrowth of the Janjaweed mili-

tia that slaughtered at least 200,000 people 

in Darfur at the turn of the century. A U.N. 

fact-finding mission in September 2024 con-

cluded both sides have committed an “ap-

palling range of harrowing human rights 

violations and international crimes,” includ-

ing mass rape, arbitrary arrests, and torture. 

They have also destroyed hospitals, schools, 

communication networks, and water and 

electricity supplies. The SAF and RSF are 

both using starvation as a weapon, blocking 

food, medical supplies, and other aid from 

reaching many of the estimated 30 million 

people who desperately need them.

The situation is especially dire in the 

state of North Darfur, where aid groups are 
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Its shape is also surprising. According 

to Albert Einstein’s theory of gravity, large 

masses such as galaxies or black holes add 

curvature to spacetime, but overall, the uni-

verse is utterly “flat,” meaning its density is 

finely balanced between expanding forever 

and having enough matter to overcome ex-

pansion and pull it into a Big Crunch.

That uniformity can be explained if the 

universe had an early instant of ultrarapid 

growth, in which it swelled from smaller 

than a proton to the size of a grapefruit. Its 

growth then slowed, but the initial burst es-

sentially locked the cosmos into its initial 

uniform state and stretched out any curva-

ture. Many physicists invoke a new funda-

mental force with its own field, mediated by 

a particle called the inflaton, as the driver of 

this phenomenal growth. But theorists have 

proposed others, with more fields and more 

particles. “We cannot pinpoint which theory 

of cosmic inflation is the correct one yet,” 

Heurtier says.

SPHEREx hopes to narrow down the 

range of possibilities by measuring the dis-

tances between a large number of galaxies. A 

simple, single-field inflation would produce 

a universe where the distances between gal-

axies have a symmetrical distribution called 

a bell curve. Multifield theories of inflation 

would deviate from that.

SPHEREx will also study the evolution of 

galaxies, by looking at the overall glow of 

space, coming from clouds of gas and iso-

lated stars as well as galaxies. Galaxies began 

to form when the universe was less than half 

a billion years old, gradually growing bigger 

and brighter as they drew in more gas and 

formed more stars. But after about 4 billion 

years, star formation began to slow. Today, 

13.8 billion years after the Big Bang, galaxies 

forge few new stars.

One theory attributes the slowdown to 

stellar winds, outpourings of particles that, 

when galaxies reached a certain size, became 

so strong that they broke up the gas clouds. 

“You need gas to cluster enough in order to 

then coalesce to form stars,” says astrono-

mer Anthony Pullen of New York University. 

“You don’t have that effect if there is wind 

pressure that’s disrupting that process.” By 

analyzing how the intensity of the combined 

light from galaxies and gas changed over 

time, SPHEREx investigators hope to test 

that scenario.

SPHEREx’s infrared vision also makes it 

sensitive to chemical compounds in our own 

galaxy, including water ice, carbon monox-

ide and dioxide, and methanol, frozen onto 

grains of dust—potential building blocks 

for life. The spacecraft will help reveal how 

prevalent these materials are and how stars 

transform them, thanks to its expansive 

view. “We get the whole sky,” Bock says. j

Tracking the toll of Sudan’s 
forgotten war from afar
Barred from the country, researchers use satellite imagery 
and models to assess destruction and death

PUBLIC HEALTH
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largely unable to go, says Leni Kinzli of the 

United Nations’s World Food Programme. In 

Zamzam camp, home to half a million inter-

nally displaced people and under attack from 

both sides, a child was dying every 2 hours 

a year ago, Doctors Without Borders (MSF) 

has estimated. In Tawila, elsewhere in North 

Darfur, a “staggering” 35% of children were 

suffering from acute malnutrition, MSF re-

ported in December 2024.

A widely recognized international body 

that uses scientific criteria to evaluate food 

security, the Integrated Food Security Phase 

Classification (IPC), has confirmed that Su-

dan is starving. In December 2024, its Famine 

Review Committee, a panel of independent 

experts, said famine had spread to at least five 

areas, and five more would face the same fate 

by May. There was a risk of famine in 17 addi-

tional areas—“an unprecedented, deepening, 

and widening of the … crisis,” the committee 

wrote. But the Sudanese government has dis-

missed the findings and has withdrawn from 

the IPC process, says a humanitarian worker 

who asked not to be named. “A famine dec-

laration shows they are no longer in charge 

and can’t take care of their people,” she says.

Outbreaks of infectious diseases, which are 

especially deadly in malnourished children, 

have compounded the disaster. A cholera 

outbreak that has hit 10 states is expected to 

resurge with the coming rainy season. MSF 

is seeing more cases of malaria, dengue, 

measles, acute respiratory infection, and di-

arrhea, says Melat Haile, the group’s medical 

advisor in Sudan. People with HIV and tuber-

culosis can’t get their drugs, and some with 

cancer and diabetes are dying for lack of care, 

says Frank Ross Katambula, MSF’s medical 

coordinator in eastern Sudan.

To assess the toll, the Yale lab collects 

satellite images and relies on SAPA, which 

provides humanitarian aid in Sudan, for 

“ground-truthing”—checking whether hospi-

tals are still functioning, for example. “We are 

able to get in where the U.N. can’t,” Sulieman 

says. “Our work is only possible because we 

are Sudanese.”

In December, the Yale lab reported that 

nearly half of the hospitals in Khartoum state 

were damaged. On 5 February, it said the RSF 

had attacked Zamzam and other camps in 

January and burned dozens of communities 

around El-Fasher, the capital of North Dar-

fur. It found many newly dug mounds highly 

consistent with graves near Zamzam and in 

Abu Shouk, another camp for the internally 

displaced. Satellite imagery has also shown 

the warring factions are burning fields and 

corrals and attacking water boreholes and 

reservoirs. “If you want to kill people, deny 

them the ability to water and graze their ani-

mals. We see both,” Raymond says.

The Yale researchers don’t produce death 

estimates, but other groups do. The Armed 

Conflict Location and Event Data (ACLED), 

an independent nonprofit that monitors 

conflicts, relies on death estimates from 

international organizations and other part-

ners, traditional media, and verified Tele-

gram and WhatsApp accounts. In December, 

it estimated that since the start of the con-

flict, “at least” 28,700 Sudanese had died 

from “intentional injuries,” including 7500 

civilians. That conservative number does not 

include deaths from war-related malnutri-

tion and disease.

Maysoon Dahab at the London School of 

Hygiene & Tropical Medicine and colleagues 

think the toll is far higher. Death estimates 

often rely on hospital or morgue records, 

Dahab explains. “But what about people 

never buried or who never made it to the hos-

pital?” Her team used a modeling technique 

that compares data from multiple sources, 

including surveys and obituaries, to esti-

mate that Khartoum state alone had more 

than 26,000 deaths from intentional injury 

between April 2023 and June 2024—higher 

than ACLED’s estimate for the entire coun-

try during the same period—and more than 

61,000 deaths from all causes combined, a 

50% increase over the prewar death rate.

Sarah Elizabeth Scales of the University 

of Nebraska Medical Center and colleagues 

have adopted another way to estimate the 

total number of deaths: multiplying the 

number of direct deaths from violence by a 

factor based on past experience. In 2008, for 

example, the secretariat of the Geneva Decla-

ration on Armed Violence and Development 

estimated, based on 24 small-scale surveys, 

that there were 2.3 indirect deaths for every 

direct death from violence during the earlier 

Darfur genocide. Using that multiplier, Scales 

and colleagues conservatively estimated total 

deaths since the start of the current war until 

October 2024 at 62,000. But calculating these 

ratios is hard, de Waal says. Based on other 

armed conflicts around the world, the secre-

tariat has reported that the multiplier ranged 

from three to 15. Other estimates are lower.

Raymond says such estimates are no sub-

stitute for collecting mortality data directly 

while the war continues. “Since September 

2023 we have been screaming at the top of 

our lungs that international health care or-

ganizations and funders should prioritize 

mortality data collection,” he says. But, “They 

want to wait to do a body count until the con-

flict is over.” He worries things in Sudan will 

only get worse: “We haven’t hit bottom yet.” j

Leslie Roberts is a science journalist in Washington, D.C.

Satellite images captured in Sudan on 3 February (left) 

and 10 February (right) reveal that the main market in 

Zamzam camp in North Darfur was attacked.

By Paul Voosen

T
he world’s nations convened this week 

in Hangzhou, China, to plan the next 

major international assessment of cli-

mate science—but without the United 

States. Late last week, President Donald 

Trump’s administration denied officials 

permission to travel to the meeting and cut 

off a technical support contract for the report, 

the seventh assessment of the Intergovern-

mental Panel on Climate Change (IPCC).

The United States has long been a leader 

of IPCC, which brings volunteer scientists to-

gether, unpaid, to produce influential reports 

every seven or so years. Katherine Calvin, NA-

SA’s chief scientist, was set to co-lead IPCC’s 

third working group, on climate mitigation. 

Former President Joe Biden’s administration 

committed roughly $1.5 million for a techni-

cal support unit (TSU) to help with creating 

graphics and websites, running meetings, 

and editing the group’s report. 

NASA leadership decided to end the TSU 

contract, a source with knowledge of the deci-

sion told Science. Calvin also did not travel to 

Hangzhou this week. At the same time, last 

week the Department of State reportedly told 

its diplomatic delegation not to attend the 

meeting, leaving a minimal U.S. presence. “This 

is really shocking,” says Angel Hsu, a climato-

logist at the University of North Carolina at 

Chapel Hill who is serving on an upcoming 

IPCC report on climate change and cities. 

As of now, funding for U.S. scientists’ travel 

to IPCC meetings has not been canceled, 

sources said. Still, Hsu worries her travel ex-

penses won’t be reimbursed. “I can still par-

ticipate, but that can be really challenging if 

the funding we depend on is cut off,” she says. 

Even if IPCC figures out how to keep U.S. 

scientists involved, damage to the reputation 

of the U.S. has been done, says Robert Kopp, 

a climate scientist at Rutgers University and 

former IPCC author. “The U.S. moves are 

certainly of a piece with other recent moves 

by the U.S. government to end the United 

States’s long established position of global 

scientific leadership.” j

U.S. cuts 
support for 
IPCC report

CLIMATE

U.N. climate panel meets 
without U.S. leadership



By Meredith Wadman

T
he stakes were especially high for one 

group of scientists last week, as a fed-

eral judge in Massachusetts heard ar-

guments on whether she should allow 

President Donald Trump’s administra-

tion to slash the overhead costs the 

National Institutes of Health (NIH) pays to 

institutions for medical research.

Research associations and 22 states filed 

two legal challenges to the cut, and on 

10 February U.S. District Court Judge Angel 

Kelley imposed a temporary ban on its im-

plementation. She was set to decide as early 

as this week on whether to extend that ban 

while the case is argued on its merits.

Researchers who use tens of millions 

of rodents and thousands of nonhuman 

primates each year are especially dependent 

on NIH’s “indirect cost” payments to sup-

port major animal research facilities, where 

complex housing, staffing, medical care, and 

regulatory requirements push up costs. It’s 

not uncommon for large research universi-

ties, for example, to have “mouse houses” 

that support tens of thousands of rodents.

Indirect cost rates can be relatively high at 

universities; at Stanford University they are 

54%, meaning an NIH grant with direct re-

search costs of $100,000 would come with an 

additional $54,000 to pay for administration 

and facility costs. But at animal facilities, the 

rates can rise above 80%. Although scientists 

pay per diems to use the animals, they don’t 

cover the cost of running the centers.

That means the steep rate cut NIH has 

proposed, to 15%, “could have very, very, 

very bad consequences … for animals,” says 

Paul Locke, an attorney with expertise in 

laboratory animal law at the Johns Hop-

kins Bloomberg School of Public Health. 

(He spoke for himself and not his univer-

sity.) Some animal facilities, he predicts, 

will “have to make very, very hard deci-

sions about the animals that they have on 

site. … It could be extreme.” Other observ-

ers say institutions might have to euthanize 

thousands of animals.

At facilities that house primates, “This 

sort of cut would cause a death spiral,” says 

Deborah Fuller, director of the $30.5 million 

Washington National Primate Research 

Center at the University of Washington. 

The center—one of seven such facilities 

supported by NIH—would lose $5 million 

under the policy change, according to the 

lawsuit filed by 22 state attorneys general. 

The center’s negotiated indirect cost rate is 

83.1%, the lawsuit notes. A cut would force 

it “to reduce or eliminate the 800 nonhu-

man primates in its care,” it states.

At the Jackson Laboratory (JAX), a major 

supplier of genetically engineered mice to 

scientists, the policy change would deliver a 

double blow, both cutting funding to its own 

large research programs and reducing its 

revenues by dampening sales of its mice to 

researchers. The indirect cost rate of the lab’s 

main facility in Bar Harbor, Maine, is 77%.

Gary Friedmann, a member of the Maine 

House of Representatives whose district in-

cludes JAX, wrote to Department of Health 

and Human Services Secretary Robert F. 

Kennedy Jr. on 18 February, urging him to 

withdraw the NIH proposal. Since then, “I’ve 

gotten lots of responses from people who are 

scared about their jobs and, really, about the 

future of scientific research at the lab,” he 

says. Friedmann estimates that “one-third 

to almost 40% of the total NIH dollars that 

are coming to JAX would be at risk.” JAX de-

clined to answer questions about its indirect 

costs, but said the proposed cut “threatens 

the entire biomedical research community.”

At the Washington primate center, Fuller 

says overhead payments not only help feed 

and house its 800 macaques, but also sup-

port a biosafety level-2 facility for studying 

infections in the animals. The center em-

ploys 179 staff, and the university provides 

the personnel needed to make sure its work 

complies with U.S. regulations. “This is a 

highly sophisticated operation [with] huge 

infrastructure,” Fuller says.

At the Wisconsin National Primate Re-

search Center, interim director Buddy 

Capuano says a funding cut would not be 

fatal. “We make contingency plans all the 

time,” he says, adding he would “never” eu-

thanize animals because of budget woes. 

“Our number one job is to take care of these 

animals.”

Critics of animal research see an opportu-

nity in NIH’s plan. Justin Goodman, senior 

vice president of the White Coat Waste Proj-

ect, an advocacy group, argued in a recent 

congressional hearing that “if we’re con-

cerned with science and we’re concerned 

about being good stewards of taxpayer dol-

lars … we can end animal testing tomorrow.” 

If NIH cut off “funding for animal testing,” 

he added, researchers are “gonna figure out 

something else to do.”

Locke also believes medical research needs 

to transition away from using animals. But 

he says an abrupt cut is a bad idea. Change, 

he says, needs to come through “aggressive 

incrementalism and not death by ax.” j

With reporting by Sara Reardon.
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Fate of millions of research 

animals at stake in NIH lawsuit 
Rodent and monkey facilities imperiled by Trump 
plan to slash overhead payments to research institutions

ANIMAL RESEARCH

A researcher at the Wisconsin National Primate 

Research Center returns a macaque to its cage.
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By Robert F. Service

B
e they microbes or monkeys, organ-

isms require phosphorus—and lots 

of it. It’s a key component of DNA 

and RNA, of the ATP  that fuels liv-

ing cells, and of the lipids that make 

up cell membranes. The element’s 

centrality has long puzzled researchers 

trying to understand early life, because 

phosphorus isn’t naturally abundant in 

most watery environments, the kind of 

place where life probably began. Now, a 

trio of new papers supports a recent pro-

posal that volcanic activity around highly 

alkaline “soda” lakes—and perhaps hot 

springs—could have enabled phosphorus 

compounds to accumulate to levels needed 

for life to start and spread.

“This is really a good step forward,” says 

Martina Preiner, an origin-of-life chemist 

at the Max Planck Institute for Terrestrial 

Microbiology who was not involved with 

any of the new research. She cautions that 

although the new papers offer a plausible 

route to solving what has long been known 

as the “phosphorus problem,” researchers 

still need to show that compounds gener-

ated under these conditions actually un-

dergo reactions resembling rudimentary 

biochemistry. Geochemist Matthew Pasek of 

Rensselaer Polytechnic Institute agrees, but 

adds: “I think we are much further along 

than we were before.”

The recognition that phosphorus avail-

ability was a likely bottleneck on the road to 

life dates as far back as 1955, to a paper by 

American biochemist Addison Gulick. The 

origin of life would probably have required 

high concentrations of compounds such as 

phosphate—a phosphorus atom surrounded 

by four oxygens. In oceans, rivers, and most 

lakes the phosphate concentration is typi-

cally 10,000 times too low.

Early Earth was different, though. Phos-

phorus is present in volcanic lavas, and the 

young planet had a lot more volcanic activity 

than today. In a series of lab studies reported 

in September 2024 in Communications Earth 

& Environment, Pasek and his colleagues 

found that reactions between iron-rich volca-

nic rocks and water at high temperatures—

like those found in a hot spring, or hydro-

thermal, environment on land—convert 

phosphorus to a range of different phos-

phates. If the hot spring periodically dried 

up, it might concentrate phosphates enough 

to promote vital biochemical reactions.

Soda lakes are another place that could 

happen, as University of Washington earth 

scientists David Catling and Jonathan Toner 

first proposed in the Proceedings of the Na-

tional Academy of Sciences in 2020. Such 

lakes also form in volcanic environments, 

in closed basins filled by runoff that has 

weathered sodium and carbonate—the in-

gredients of baking soda—out of volcanic 

rocks. With no outflow, the lakes lose water 

only to evaporation, which concentrates the 

chemicals over time.

Catling and Toner noticed that along 

with the soda, phosphate levels, too, are 

often high in such lakes today. In ordinary 

lakes or the ocean, calcium ions readily bind 

phosphate, locking it away in solid minerals 

that become sediments. In soda lakes, the 

researchers suggested, carbonates bind the 

calcium ions before they can strip phosphate 

from the water. But it remained unclear why 

life thrives in some soda lakes today but 

struggles to do so in others, and what that 

might reveal about life’s dawn.

To find out, Catling and colleagues have 

now measured the precise phosphorus in-

puts and sinks in a pair of small soda lakes in 

British Columbia. One, called Goodenough 

Lake, had moderately high levels of dissolved 

phosphate and abundant microbes and other 

life that were extracting phosphate from the 

water. The other lake, known as Last Chance, 

was so salty it kept microbes from harvest-

ing nitrogen from the air, inhibiting their 

growth. That resulted in extremely elevated 

phosphate levels.

In a paper published online on 4 February 

in Geochimica et Cosmochimica Acta, Catling 

and his colleagues conclude that before life 

began, soda lakes could have accumulated 

enough phosphate to make life possible. 

“This type of lake would be archetypal on 

the early Earth,” Catling says, because volca-

nic activity was so prevalent then.

Lakes as small as Last Chance and Good-

enough, both little more than shallow ponds, 

could at best have offered early life a toehold 

before their phosphates would have been de-

pleted. “This is a major barrier,” says Craig 

Walton of the University of Cambridge. He 

and his colleagues recently analyzed much 

larger soda lakes, including Mono Lake in 

California, which is 21 kilometers long and 

up to 17 meters deep. Phosphate levels there 

are far higher than in nonsoda lakes, the 

researchers reported last week in Science 

Advances, although they don’t rival the phos-

phate concentrations in the British Colum-

bia ponds. But Mono and its peers offer a 

much more stable supply. “These large-scale 

lakes give you a bit of both,” Walton says.

To him, the combination of volcanic activ-

ity and soda lakes is “pretty close to a geo-

logical solution” to the phosphorus problem. 

Pasek thinks hydrothermal pools probably 

played a role, too. “There is room for both,” 

he says. But with any proposal about how life 

began billions of years ago, Preiner advises 

humility. “There’s uncertainty here that we 

just have to live with.” j

Mono Lake, in California, is rich in elements leached from volcanic rock—including high levels of phosphorus. 

ORIGIN OF LIFE 

Early life’s phosphorus problem solved?
Minerals from volcanic rock could have supplied a key ingredient for biomolecules
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By Cathleen O’Grady

S
hady companies have long given un-

scrupulous scientists the opportu-

nity to buy authorship of papers—a 

form of academic fraud. But accord-

ing to a draft paper posted online 

last week and scheduled to appear in 

the International Journal for Educational 

Integrity, these outfits have now diversi-

fied into selling intellectual property (IP) 

rights, too. 

Over the past 2 years, these firms have 

registered thousands of bizarre designs 

for medical equipment and other de-

vices with the United Kingdom’s Intel-

lectual Property Office (IPO)—and, for 

a fee, scientists can be listed as owners 

of the designs. The companies target re-

searchers in countries including India and 

Pakistan, where universities reward re-

searchers who patent inventions with career 

advancement and sometimes bonuses.

The finding is “bonkers” says 

Emily Hudson, an IP academic at 

the University of Oxford who was 

not involved with the research. The 

practice exploits ignorance about 

IP systems, she says: The U.K., like 

many countries, allows artists and 

others to protect their designs relatively 

cheaply and easily, without the arduous 

and expensive process of obtaining a for-

mal patent. It is these design registrations, 

not patents, that companies are selling.

Northwestern University metascientist 

Reese Richardson and his colleagues made 

the discovery while monitoring social me-

dia channels used by paper mills to ad-

vertise fraudulent academic products for 

sale, including journal publications, stu-

dent essays, and theses. About 2 years ago, 

the team started to notice ads for a new 

kind of product: so-called U.K. design pat-

ents, with “inventorship” slots being sold 

for 2000 to 30,000 Indian rupees ($23 to 

$398). The ads emphasize that a “patent 

filing” can give researchers a boost in the 

ranking systems used in India.

The researchers matched up more 

than 20 of these ads with design registra-

tions filed with IPO. The two companies 

responsible for these registrations had 

filed almost 2000 more, the team found: 

mostly “childish” designs, Richardson 

says, with images often cribbed from re-

positories of 3D drawings, and titles in-

voking buzzwords such as “AI-powered” or 

“machine learning.” 

The often absurd designs included ev-

erything from agricultural machinery to 

electrical equipment, but medical devices 

were the most common. One design, for 

instance, shows a shoe with what appears 

to be a camera and USB ports around the 

sole, titled “Smart shoe for visually im-

paired.” Another is titled “Designing an 

Artificial Intelligence Powered Skin Cancer 

Inspection Device with Design Thinking” 

and is a 3D drawing of a Glock pistol with 

the addition of a small screen and USB 

ports. “I was hooting and hollering when I 

saw that one,” Richardson says. 

Two academics appearing 59 and 

51 times, respectively, on the registrations, 

Reena Singh and B. K. Sarkar, together 

operate a company called Geh Research, 

which offers international “patent” filing, 

thesis writing, and paper publication ser-

vices, among others. Singh and Sarkar did 

not respond to a request for comment

By further scouring the database of 

design registrations, the researchers 

identified an additional six suspicious 

companies. These firms were relatively 

new, with a limited web presence, and 

filed designs with flowery titles and high 

numbers of named owners. Together, these 

companies have registered more than 

3000 designs in the past 2 years, represent-

ing 3.3% of all designs registered in the 

U.K. in that period. 

The discovery “blew my mind when I 

heard about it,” says Sarah Fackrell, an IP 

law researcher at the Chicago-Kent College 

of Law who contributed legal expertise to 

the paper: “Getting IP rights in order to 

commit academic fraud or misconduct is 

new to me.” 

Almost all the owners listed on the reg-

istrations found by the researchers were 

academics or universities in India.

Indian universities allocate points to em-

ployees for products such as journal papers 

and patents, and employees must reach 

a minimum number of points in order to 

pass annual reviews, says Achal Agarwal, 

founder of the research integrity organiza-

tion India Research Watch. A ministry body 

that regulates and funds universities sug-

gests researchers should get more points for 

international than local patents, although 

institutions differ in how closely they fol-

low these recommendations, Agarwal 

says. But design registrations are not 

equivalent to patents, Fackrell notes, and 

the scheme uncovered in the new paper 

would not work if universities properly 

discriminated between the two. 

The companies found by Richardson 

and his colleagues may be serving aca-

demics in India, but similar exploitation 

happens elsewhere, says Anna Abalkina, 

a paper mill researcher at the Free Uni-

versity of Berlin who was not involved in 

the research. Russian universities similarly 

incentivize patents, along with jour-

nal papers and other products, and 

companies advertise patent inven-

torship on social media—including 

the Russian equivalent of Craigslist, 

she says. 

The exploitation is concerning for 

a few reasons, Fackrell says: Flood-

ing the register with “garbage” could make 

it more difficult for good-faith applicants 

to check whether their design is new, and 

could raise questions about the legitimacy 

of the IP system. 

But this doesn’t necessarily mean IPO 

should make it more onerous or expen-

sive to register designs, Hudson says. That 

could hurt legitimate designers—the lack 

of oversight in the system “is a feature, not 

a bug,” Hudson adds. 

In an email to Science, a spokesperson 

for IPO said designs, like other IP, 

can legitimately be bought and sold, 

and that “it would not be appropriate 

for the IPO to comment on arrange-

ments in other jurisdictions relating to 

academic recognition.”

Indian institutions could help reduce 

the incentives for IP fraud by assessing 

researchers on the quality, not quantity, 

of their output, Agarwal says. The cor-

ruption is harming India’s reputation, he 

adds. “The only way this reputation can be 

improved is by calling it out … and India 

taking action.” j

SCIENTIFIC INTEGRITY 

‘Patent mills’ offer intellectual property for sale
Companies register bizarre designs with U.K. office and sell them to scientists to boost CVs

“Smart shoe for the visually impaired”
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By Kata Karáth 

in Guayaquil, Ecuador

F E AT U R E S

Researchers 
and an Indigenous 
Amazon nation 
team up to 
study charged 
ritual objects: 
shrunken heads 
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FACING

THE PAST

Shuar leader Jefferson 

Lequi (right) and 

anthropologist María 

Patricia Ordoñez examine 

a shrunken head. 



J
efferson Lequi delicately cups the 

remains of a human head in his 

gloved hands, examining every 

detail of the fist-size tsantsa, or 

shrunken head. The head’s lips—

once ceremonially sewn together—

are slightly parted, the threads 

undone. The eyes, rimmed with 

long lashes, are sewn tightly shut 

beneath the furrowed brow. The once-lush 

dark hair is now sparse, allowing Lequi to 

see a sewn-up, straight cut in the back of the 

head. Behind him on a table, at the Guayaquil 

Municipal Museum, four other tsantsas are 

nestled in sheets of foam and bubble wrap, 

waiting to be studied.

Lequi, 32, is the administrator or commu-

nity leader of Tsuer Entsa, a village of Indig-

enous Shuar people. Their ancestors in the 

Amazon rainforest created tsantsas until the 

first half of the 20th century, often from the 

heads of enemies killed in battle. But few of 

the heads remain with the Shuar. Exoticized 

and coveted by Western collectors, hundreds 

of tsantsas sit in museums and private homes 

worldwide. Lequi and his community want 

them back. “The heads are our Shuar heri-

tage. They were taken away through trade, 

through illegality … without permission of 

the Shuars,” Lequi says. 

Tsuer Entsa is one of the few Shuar villages 

outside the Amazon and near the coast, lo-

cated only about 120 kilometers from the mu-

seum. But Lequi wasn’t aware the museum 

held five tsantsas until anthropologist María 

Patricia Ordoñez of the University of San 

Francisco de Quito (USFQ) told him. Since 

2017, Ordoñez has partnered with Shuar or-

ganizations and museums in Ecuador and 

elsewhere. Her work combines Indigenous 

knowledge and Western scientific methods 

such as CT scans and DNA analysis to iden-

tify and authenticate tsantsas, distinguishing 

those created as part of Shuar rituals from 

those made for trade. The ultimate goal of 

the Tsantsa Project is to begin the long, slow 

work of bringing tsantsas home. 

Although shrunken heads are known 

worldwide, few Western scientific studies 

have analyzed them. Most scholarly knowl-

edge comes from secondary sources such as 

foreign anthropologists, settlers, and mis-

sionaries, but the Shuar think those accounts 

are incomplete. The Tsantsa Project is the 

first study to involve the Shuar in any capac-

ity, as well as the largest comparative genetic 

study of tsantsas to date. Despite limited 

funding and much red tape, the team has so 

far analyzed 26 tsantsas and published on 14. 

Returning tsantsas home to the Shuar is 

fraught with challenges. Because they are 

cultural objects and human remains more 

than 100 years old, most tsantsas legally be-

long to the government of Ecuador, rather 

than to the Shuar. In addition, many tsantsas 

were created from the remains of members 

of the Indigenous Achuar nation, who some-

times fought with the Shuar in the past, ex-

plains Laura Van Broekhoven, director of the 

Pitt Rivers Museum, which works with the 

Tsantsa Project and holds six tsantsas. The 

Achuar are not requesting the objects, but 

their potential claim makes the case for repa-

triation “a quite complicated one,” she says.   

The Shuar are adamant that the heads are 

theirs. David Tankamash, president of the 

Interprovincial Federation of Shuar Centers 

(FICSH), a leading Shuar organization rep-

resenting some 500 communities, hopes the 

Tsantsa Project will help boost awareness that 

the heads belong with his people. “[Tsantsas] 

cannot remain in the hands of non-Shuar 

people or outside Ecuador,” he says. 

SHUAR TRADITIONS SUGGEST their ancestors 

created ritual tsantsas from the remains of 

humans, sloths, and monkeys for hundreds 

of years; Europeans noted the practice when 

they arrived in the 1500s. The Shuar were 

then seminomadic, hunting and gathering 

mainly along the Pastaza, Morona, Santiago, 

and Zamora rivers in the rainforest of today’s 

Ecuador and Peru (see map, p. 922). For cen-

turies, the Shuar have largely resisted coloni-

zation, first by the Inca, then by the Spanish. 

But their way of life became westernized 

around 1900. Today, most live in permanent 

settlements where they farm, make handi-

crafts, and work in forestry, conservation, 

and the oil and mining industries.

Lequi remembers his grandfather telling 

him stories of ancestors who created tsantsas. 

“Tsantsas were made as part of a ritual to give 

good energy [or power] to our leader, or dur-

ing battles with other communities, such as 

the Achuar. The winner would take the head 

of the opposing leader,” he says. The goal was 

not just to harness a fallen warrior’s energy 

and leadership knowledge, but also to “give 

thanks to the god Arutam … as a tribute in 

gratitude to the Earth, the Sun, and the rain.”

Ordoñez calls such tsantsas “ceremonial,” 

because they fulfilled a ritual role. “The 

tsantsa is not a trophy, nor a sign of savage 

cruelty, but a means of ritually transferring 

the life of the dead into the warrior,” the 

Catholic Salesian missionary Siro Pellizzaro 

wrote in a 1980 book, based on early written 

accounts and interviews with Shuar people. 

Because the Shuar language was at first un-

written, the Shuar themselves rely on such 

secondhand sources for some details about 

tsantsa creation.

The missionaries reported that a person 

called a Tsánkram, perhaps the victorious 

warrior or a shaman, carried out the shrink-

ing ceremony. After the deceased person or 

animal was decapitated, the Tsánkram made 

an incision from the middle of the back 

of the head straight down to the neck. The 

skin, face, and hair were pulled entirely off 

the skull, which was discarded. The soft tis-

sues were submerged in boiling water mixed 

with herbs until the skin shrunk to the de-

sired size. Then the Tsánkram molded the 

tissue back into a hollow sack in the shape of 

a human head. To prevent the deceased’s soul 

from escaping and causing harm, they sewed 

up the cut at the back, as well as the eyes and 

the mouth, likely with local palm fibers.      

The whole ceremony could take days. Teen-

age boys practiced on the heads of sacred 

animals such as sloths as a form of initiation 

into adulthood, according to missionaries’ 

and anthropologists’ reports. 

Change came to the Shuar culture start-

ing in 1850, when white and mestizo settlers 

encroached on their lands, seeking quinine, 

rubber, wood, gold, and eventually oil. The 

Shuar exchanged pigs, deer, salt, and tsant-

sas for manufactured goods such as ma-

chetes, hammers, and rifles. But after Jesuit 

missionaries introduced cattle, white settlers 

no longer needed deer and pigs, and tsantsas 

became the most valuable trade item, satis-

fying Western cravings for “exotic” artifacts. 

A guns-for-heads trade arose, according to 

the late anthropologist Steven Rubenstein of 

the University of Liverpool, sending tsantsas 

to collectors around the world. “The Shuars 

were bribed so they would sell the tsant-

sas (to outsiders)” says Lequi, who thinks 

such trades were unfair given the power 

and technology imbalance of the time.

920    28 FEBRUARY 2025 • VOL 387 ISSUE 6737 science.org  SCIENCE

NE WS   |   FEATURES

A central, sewn cut down the back helps 

authenticate a shrunken head, or tsantsa. 
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Science’s photographs, taken with the permission 

of the Shuar nation, do not show the faces of 

the shrunken heads out of respect for the deceased.



  To satisfy the demand, a new kind of 

tsantsa emerged, crafted specifically for the 

Western market. These were likely not made 

by the Shuar, or at least not for ceremonies. 

Ordoñez calls them “commercial” tsantsas 

and says the trade ignited warfare. 

The practice of making tsantsa began to 

dwindle in the early 20th century, after mis-

sionaries began converting the Shuar and 

sending their children to Catholic board-

ing schools. Many gradually became alien-

ated from their culture, as traditional songs, 

dances, and medicines fell into disuse, as did 

the creation of tsantsa. Today, Ordoñez and 

the Shuar people interviewed for this story 

say few of the 136,500 Shuar feel a strong  

connection to tsantsas; they are more eager 

to retrieve other elements of their culture, 

such as language. “Keeping the tsantsa is 

no longer something good,” says Marcelly 

Lequi, Lequi’s oldest aunt and a member of 

the Shuar delegation visiting the Guayaquil 

museum. By 1960, both Ecuador and Peru 

had outlawed the tsantsa ceremony. 

Tsantsas occasionally still appear in auc-

tions or online marketplaces, selling for 

anywhere from a few hundred dollars to 

about $31,000, and obvious fakes crop up 

in Ecuadorian markets. In October 2024, 

England’s Swan auction house in Oxford-

shire canceled the sale of human remains, 

including two tsantsas, after public outcry. 

Ordoñez says there are more than 100 tsant-

sas in the United States, and at least 295 in 

Europe, including about 120 in the United 

Kingdom, mostly in London. “They’re ly-

ing in [storage] without [anyone] know-

ing much about their past or their future,” 

Van Broekhoven adds. The Tsantsa Project 

hopes to explore both.

 

AT THE MUSEUM here in Guayaquil, Ordoñez 

gently lifts another tsantsa to the light. 

This one fits Western ideas of an Amazo-

nian shrunken head, with lush brown hair  

crowned with a headband with faded green 

feathers, and red and white feather earrings. 

But Ordoñez knows looks can be deceiving.

She thinks many tsantsas in museums and 

collections are likely fakes made for com-

merce. One goal of the Tsantsa Project is to 

identify the details of craftsmanship—the po-

sition of the cuts, the style of stitching—that 

signal authenticity. “The stitching [should 

be] characteristic of the [Shuar] nation. If it’s 

not … it’s not genuine,” Tankamash says. 

For years, Ordoñez had CT scanned an-

cient mummified human remains from the 

Andes, which in many cases lack a descen-

dant community to speak for them. In 2017, 

she was asked to examine tsantsas in the 

Pumapungo Museum in Cuenca, Ecuador, 

near the Shuar homeland. She was drawn to 

the work in part because she could consult 

the Shuar on exactly how to handle their 

ancestors’ ceremonial objects. She could 

“know exactly what [the Shuar] wanted to 

do and how they wanted it done, from the 

lips of the community.”

With small grants provided by USFQ and 

sometimes from the researchers’ own pock-

ets, Ordoñez and her team have studied 

26 tsantsas from three Ecuadorian muse-

ums, the Pitt Rivers Museum, and a private 

collection. The Guayaquil Municipal Mu-

seum, with its five tsantsas, is the project’s 

newest partner.

No one knows exactly how the five tsant-

sas arrived at this museum. For years they 

were on display with little contextual infor-

mation. Now, they are off exhibit until the 

Shuar and the museum’s leadership agree 

on their fate. In November 2023, Shuar from 

Tsuer Entsa, with approval from FICSH, per-

formed a tobacco ritual to obtain permis-

sion from their deities to study the tsantsas. 

Then, with Lequi and other Shuar present, 

Ordoñez and her team scanned the heads 

and took a 1-centimeter-square skin sample 

from the neck of each one for DNA analysis. 

On the tsantsa with the feathers in its 

headband, the CT scan revealed a cut start-

ing at the right temple and winding around 

the right side, rather than running down the 

back of the head in Shuar style. “This tsantsa 

is not original,” Ordoñez says, noting that the 

headband was probably an attempt to cover 

up the unusual incision, which is not visible 

by simple examination. 

Lequi agrees, adding that Ordoñez’s CT 

scan also revealed that the tsantsa’s eyes were 

not sewn shut from the inside, as the Shuar 

did. Museum officials were surprised to learn 

this tsantsa’s origins were in doubt, and say 

they might use it in an exhibit as an example 

of a commercial shrunken head.

Lequi lifts another head into the bright 

overhead light. This one has graying blond        

hair in an uneven buzz cut and a mustache 

curling over lips whose threads have come 

undone. Lequi notes that Indigenous people 

in the Amazon typically have straight, dark 

hair. Yet Ordoñez’s work has revealed that 

this blond shrunken head possesses the key 

traits of a ceremonial tsantsa: the correct in-

cision at the back of the head and the sewn-

up mouth and eyes. 

The heads didn’t yield enough DNA for 

whole genome sequencing. “Extracting DNA 

from a tsantsa is really a challenge because 

the (DNA) concentration is really low,” says 

Veró nica Baquero-Mé ndez, a master’s stu-

dent at USFQ who works on genetic analysis 

for the Tsantsa Project. “Boiling the skin for 

many hours … degraded the DNA.”

She and her colleagues took extra precau-

tions, including sterile tools and negative 

controls, to avoid contamination with mod-
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After CT scanning a shrunken head from the Guayaquil Municipal Museum, researchers could examine 

it in the computer for evidence of authentic Shuar ceremony, such as sewn-up eyes. 



ern DNA during analysis, she says. Then they 

analyzed whatever DNA they could, mostly 

mitochondrial DNA (mtDNA), an abundant 

form of DNA passed down from the mother. 

The blond tsantsa had Indigenous Ama-

zonian ancestry on the maternal side. Lequi 

says the head may date from the turn of the 

20th century, when some Indigenous people 

mixed with European colonizers. The team 

also sequenced a nuclear gene that differs in 

men and women, the amelogenin gene, and 

so confirmed all five tsantsas in the Guaya-

quil museum were male. That fits historical 

reports saying tsantsas were made only from 

men. But similar analysis of a tsantsa with 

short, straight, gray hair, from the Puma-

pungo Museum, revealed it was female, says 

molecular biologist Marí a de Lourdes Torres 

of USFQ, who is leading the genetics work.   

Torres says some Shuar leaders were sur-

prised to hear about a female tsantsa and 

about possible mixed heritage, and doubted 

the findings. But Lequi and others welcome 

it as proof that the ceremony was more com-

plex than outside historians have described. 

The creation of a tsantsa “wasn’t always be-

cause of a battle,” Lequi says. He says some-

times, “The Shuars would offer [their bodies] 

as a tribute, as a sacrifice, to give thanks to 

the Earth for good harvests, or for the well-

being of the community.” 

The DNA analysis has revealed other 

surprises. A tsantsa from the Pumapungo 

Museum had mtDNA variants typical of Eu-

ropean populations, and two others had vari-

ants found in the Philippines, among Batak 

Negritos from Palawan. The researchers 

speculate that perhaps those people had ma-

ternal ancestors among enslaved Filipinos 

brought to South America by the Spanish.     

In part because international databases 

contain few samples from Amazonian In-

digenous peoples, the tsantsa DNA can’t link 

the heads to the Achuar, the Shuar, or other 

Indigenous nations or tribes. “To understand 

the origins of the tsantsas, we do need to 

have more data from the communities living 

now,” Torres says. But many Amazonian In-

digenous people are hesitant to provide DNA 

samples, she says, after decades of exploita-

tion and some previous studies in which they 

weren’t fully informed about how their ge-

netic information would be used.  

Neighboring Amazonian communities are 

probably too closely related for DNA to dis-

tinguish them, adds biologist Craig Byron of 

Mercer University. “These culture groups that 

are 20 miles away from each other [probably] 

came from the same [genetic group],” he says. 

Despite the limitations, the team’s work 

is sound science, Byron says. In 2019, he au-

thenticated and eventually repatriated a cer-

emonial tsantsa in his university’s collection 

to Ecuador. But he says Ordoñez’s micro-CT 

scans allowed her to learn more about the 

stitching than his hospital-grade CT revealed.

After years of collaboration with the Sh-

uar, Ordoñez has softened her approach to 

authenticating the tsantsas. The Shuar and 

Western scientific sources point to different 

features as crucial to authenticity, she says. 

“What defines it as authentic or inauthentic 

is the ritual it goes through, and I cannot 

speak of a ritual,” she says.

If tsantsas are human, of Amazonian ori-

gin, have the mouth and the eyes sewn, and 

the incision located correctly, she considers 

the heads to have evidence of authenticity. 

But she leaves the final decisions to the clos-

est Shuar community or the one most likely 

to be connected to the tsantsa. “What inter-

ests me now is what the community can get 

from [the tsantsas] and what they can do 

with this research.”

AFTER A TSANTSA has been authenticated, 

what should happen to it? The original idea 

was to give it back, or at least get Indigenous 

input on any exhibition. But the question of 

who owns a tsantsa can be thorny: Is it the 

museum that acquired it, the community 

whose ancestors made it, or the community 

of the deceased person? 

To the Shuar, the answer is clear: “They be-

long only to the Shuar nation because it’s the 

only culture that practiced tsantsamaking,” 

Tankamash says. He and Lequi say the Sh-

uar federation is happy to make licensing ar-

rangements with museums as long as FICSH 

remains owner, is consulted on exhibition, 

and gets financial benefit.

Ordoñez agrees. “For me, the people who 

claim it as theirs and who want to care for it 

are the Shuar, and so it belongs to them.”  The 
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Homelands of the tsantsas
The traditional territories of the Indigenous Shuar people, who once crafted shrunken heads, or tsantsas, 

overlap with the territories of their neighbors the Achuar in the Amazon rainforest. The homelands of the 

two nations, which are not precisely mapped, cross modern borders and extend into Peru. The Indigenous 

nations sometimes warred in the past, but now work together to protect the forest.



Shuar nation has yet to establish consensus 

on exactly where repatriated tsantsas would 

be stored or displayed and which communi-

ties would care for them, but Ordoñez hopes 

the Tsantsa Project can offer a platform for 

hashing out such details. 

Although many tsantsas were probably 

made from the remains of Achuar people, 

Tankamash thinks involving the Achuar 

would only spark conflict. “We haven’t 

touched this matter [with the Achuars]. It’s 

very delicate.”

Ordoñez has tried contacting the Achuar 

Nation of Ecuador (NAE) about the project, 

but was rebuffed. The Achuar did not make 

tsantsas themselves and are not interested 

in receiving those made by the Shuar, says 

Arutam Ichinki Tentets, a member of the Ach-

uar nation in Ecuador; he is authorized by 

NAE President Wakiach Kuja to present the 

Achuar perspective on tsantsas. “According 

to all the Achuar I’ve talked to, I don’t think 

there is an interest” in getting the tsantsas, 

Ichinki Tentets says. “We don’t want to relive 

that [period of warfare], or claim anything. 

We don’t want to think badly of [the Shuar]. 

They practiced that a long time ago.” 

Most of the fighting between Shuar and 

Achuar ceased after missionaries arrived, 

Ichinki Tentets says. Today the communities 

are often allies, defending their territories 

against environmental threats. “The goal is 

the same for all the nationalities of the Ama-

zon: It’s the protection of the forest, the flora, 

and the fauna. That is how we unite,” he says.

“[The Shuar] could shrink their enemy’s 

head within the framework of their custom-

ary right,” which Western perspectives may 

not fully comprehend, adds Joaquin Moscoso 

of the Municipality of Guayaquil; he was di-

rector of the Guayaquil museum for most of 

the project’s work there. If a tsantsa is genu-

ine, he says, “its repatriation and territori-

alization should be in Shuar communities, 

where it acquires meaning.”      

Van Broekhoven, however, stresses that 

tsantsas are human remains as well as cul-

tural objects, suggesting repatriation should 

include the wishes of a descendant commu-

nity. She says the Achuar have a say, even if 

they have not claimed the tsantsas. “We can’t 

just return and then potentially cause a lot 

of harm because the communities aren’t in 

agreement,” she says. The Pitt Rivers Mu-

seum has taken its tsantsas—and all other 

human remains—off display, and so far has 

not received a repatriation request. 

Even if all parties agree tsantsas belong to 

the Shuar, few countries require international 

repatriation of human remains or cultural 

artifacts. “There are all these [bureaucratic] 

layers we have to cross,” Ordoñez says. 

A few museums are working on it. 

Tankamash has been negotiating with the 

Museum of Denver about returning tsant-

sas. In the 1990s, the Smithsonian Institu-

tion’s National Museum of the American 

Indian returned tsantsas directly into the 

hands of what was then a Shuar-Achuar 

federation, and in 2017 the Vatican returned 

one tsantsa to a museum in Ecuador. And 

in 2021 Mercer University’s tsantsa was re-

patriated to Ecuador’s National Institute of 

Cultural Heritage. 

Even if they make it back to Ecuador, 

tsantsas seldom end up with the Shuar. All 

human remains from pre-Hispanic times and 

all ethnographic objects older than 100 years 

are considered by law to be national heritage, 

and are handled by the Ecuadoran govern-

ment, Moscoso says. But he agrees tsantsas 

are unique. He says the government is work-

ing on its protocols, and that the Tsantsa 

Project and other efforts might one day spur 

repatriations directly to the Shuar nation.  

For now, only the Ecuadorian government 

can legally return tsantsas to the Shuar. But 

the Guayaquil museum acknowledges that 

the heads belong culturally to the Shuar and 

is committed to working with them to create 

a co-curated exhibition. “It was very moving 

to have this community involvement, under-

standing that these goods belong to them. 

Eventually our exhibition must include their 

authorization,” Moscoso says.      

So far, the Shuar hold 11 tsantsas, guarded 

in a safe at the federation’s headquarters in 

Sucúa. Tankamash’s face lights up as he dis-

cusses the Shuar’s big dream: to have their 

own museum based on their worldview, 

and to display tsantsas in context. Exhibi-

tions about the Shuar culture tend to re-

volve solely around the shrunken heads. But 

Tankamash envisions a museum built like “a 

Shuar house, a jéa,” an oval house of palm 

wood and a straw-covered roof, showcasing 

their culture. 

The Shuar hope any new exhibit will 

help the world to see them as more than 

“headhunters.” “There were stories, leg-

ends … written down, but someone else 

wrote it for us,” Tankamash says. At the 

moment, he says, “we don’t even speak our 

language well. We want to use this project 

to learn and train Shuar professionals so 

that we can … create a movie or a poem 

about our experience.”

Back in Tsuer Entsa, Lequi fills in villag-

ers about the tsantsas’ DNA and CT results. 

For now, he says, the community is fine with 

leaving the five tsantsas in Guayaquil. Most 

Shuar have never seen an authentic ceremo-

nial tsantsa, Lequi says. “Our community is 

practically disconnected from [our] history,” 

he says. Ultimately, he hopes, a museum of 

their own will be “where the stories were ex-

plained, [where] the young people would go, 

learn, and remember.” j

Kata Karáth is a journalist in Quito, Ecuador. 
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The Pitt Rivers Museum in Oxford, England, has taken its once-famous shrunken heads, or tsantsas, off display. 
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Virtual reality rewrites rules of the swarm
Study of locusts in a virtual environment challenges models of collective behavior

By Camille Buhl1 and Stephen J. Simpson2,3

A
mong the most spectacular phenom-

ena in nature is the sight of millions of 

desert locust (Schistocerca gregaria) 

juveniles marching together, flowing 

like a river through the arid habitat 

of North Africa and consuming veg-

etation as they go before molting to become 

devastating swarms of winged adults. Un-

derstanding how and why locusts exhibit 

aligned collective motion is vital for pre-

dicting and managing outbreaks. However, 

present knowledge of the rules that govern 

the emergence of such complex, patterned 

behavior and decision-making is based on 

a handful of theoretical models that reca-

pitulate only some aspects of the observed 

behavioral patterns. On page 995 of this is-

sue, Sayin et al. (1) describe the integration 

of field, laboratory, and virtual reality studies 

to show that prevailing models for explain-

ing collective motion in locusts, and perhaps 

other systems as well, require revision. 

The desert locust is the most famous 

among a group of 20 or so species of grass-

hopper that become highly sociable in re-

sponse to crowding (2). When reared alone, 

desert locusts tend to avoid one another and 

exhibit cryptic behavior, presumably to avoid 

attracting the attention of predators. Yet af-

ter only a few hours of crowding, they switch 

to being attracted to other locusts, forming 

jostling aggregations that then transition 

suddenly into marching bands. These groups 

behave as if they are of a single mind, yet 

there are no leader locusts or any hierarchy 

of control. Instead, collective behavior arises 

from interactions among individual locusts. 

To investigate how such collective behavior 

arises, locust researchers turned to a self-pro-

pelled particle (SPP) model from statistical 

physics that had few underlying assumptions 

and elegantly predicted universal features of 

group behavior (3). This model, now two de-

cades old, is based on moving particles that 

adjust their direction of movement to align 

with neighbors within a defined zone of in-

teraction. The central prediction of the model 

is that as the density of particles (in this case 

locusts) in the group increases, a rapid tran-

sition occurs from disordered movement to 

highly aligned collective motion. 

In previous tests to assess predictions of 

the SPP model, a laboratory-based marching 

arena was used to quantify the movement 

and interactions among different numbers 

of locusts (4). The results from these ex-

periments supported predictions of the SPP 

model, as did field data from marching bands 
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of the Australian plague 

locust (Chortoicetes ter-

minifera), which were 

derived by filming locust 

bands marching below a 

fixed camera (5, 6). 

Alternative models, however, have been 

proposed to explain locust collective behav-

ior. These include mechanistic models involv-

ing insects responding to  optic flow across 

the retina that is generated by moving neigh-

bors (7, 8). The escape-pursuit model (9) in-

volves locusts chasing  other locusts in front 

of them while avoiding contact with those 

beside and behind them, perhaps driven by 

a latent tendency to cannibalize one another 

(10, 11). There were also two inconsistencies 

between the SPP model and observational 

data. Locusts in the field can march at low 

densities. This would require a term for iner-

tia in the model, such that once locusts have 

started marching, they will tend to continue, 

even at lower densities than required to ini-

tiate marching in the first place. Another 

inconsistency was that the macroscopic fea-

tures of band structure were not entirely as 

predicted by the model, requiring additional 

quantitative features of locust behavior to be 

added (e.g., attraction and repulsion forces, 

pausing, or hopping) (5).

Before the SPP model, or any other model, 

could be confirmed, a major technical chal-

lenge needed to be overcome. Studying 

locust groups in the laboratory or field can-

not isolate the behavioral responses of indi-

vidual locusts, which are intertwined in a 

constantly adjusting sensory interplay with 

the behavior of others. As a result, inferring 

individual behavioral responses has relied 

on complicated statistical analyses, the re-

sults of which need to be compared with the 

predictions of computational or mathemati-

cal models. Sayin et al. have solved this prob-

lem in a technical tour de force, using an 

immersive virtual environment for locusts. 

Locust nymphs were allowed to move freely 

on a high-speed motion-compensated sphere 

while immersed in a panoramic three-di-

mensional virtual projection of a scene pro-

grammed to include realistic simulations of 

other locusts. The authors found that the 

SPP model, and other models based on fixed 

interaction rules and zones of influence (12), 

did not accord with the behavior of locusts 

in the virtual reality system. Locusts did not 

follow fixed behavioral rules such as aligning 

with their moving neighbors within a zone of 

interaction or responding to wide-field opti-

cal flow. Instead, other locusts acted as tar-

gets toward which focal locusts were pulled. 

This is most consistent with a ring attractor 

model, in which a ring of recurrently con-

nected neurons collectively encode move-

ment direction, with the heading updated by 

dynamically changing external visual inputs 

and the internal dynamics of the circuit. For 

example, when a focal locust was placed in 

between two groups moving in a common 

direction, it didn’t continue its movement 

in alignment with them, as predicted by all 

alignment-based models. Rather, it turned 

sharply and steered itself toward one group 

or the other. Additionally, a reanalysis of the 

data from the previous marching arena study 

(4) found no evidence of a density threshold 

for aligned collective movement. 

A next step will be to see whether the 

new model of Sayin et al. can successfully 

predict the shape and trajectories of locust 

marching bands at larger spatial scales and 

in real-world visual environments. It will 

also be important to see what the model 

yields in terms of the distributions of 

neighbors within bands, which are known 

to reflect effective forces that act between 

individuals (6).

Sayin et al. conclude that it is time to 

move beyond the conception of locusts and 

other organisms as moving particles behav-

ing according to fixed spatiotemporal rules 

and to consider organisms as probabilistic 

decision-makers responding dynamically to 

their sensory environment. Minimalist sta-

tistical physics models have been useful in 

bringing the field to a position where such 

a reframing is now possible, as a result of ex-

traordinary advances in behavioral analysis, 

neuroscience, and virtual reality. As Sayin et 

al. have shown, in the search to understand 

the power of the collective, the threshold of 

entry to the cognitive realm of animals is 

within reach .        j
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NANOMATERIALS

Tessellated 
with tiny 
dumbbells
Concave and convex 
surfaces direct 
nanocrystals to assemble 
into complex patterns

By Brian A. Korgel 

O
pal, a natural gemstone made of tiny 

silica particles dispersed in water, 

has a beautiful iridescence. The col-

loidal silica microspheres self-assem-

ble over geological timescales into a 

close-packed, ordered crystal from 

which light diffracts to produce the grad-

ual shift in colors (1). Synthetic techniques 

have not only reproduced opals in laborato-

ries (2) but have yielded colloidal building 

blocks with chemical and structural com-

plexity. Nanoparticles of metals, semicon-

ductors, and magnets have been ordered 

into periodic patterns—so-called superlat-

tice structures (3). Many seemingly exotic 

crystalline arrangements of spheres and 

polyhedra predicted computationally have 

been experimentally realized (4). However, 

these particles have lacked directionality. 

On page 978 of this issue, Wan et al. (5) re-

port the self-assembly of dumbbell-shaped 

nanocrystals into dense lock-and-key struc-

tures, as well as low-density, chiral Kagome 

superlattices. This brings structural com-

plexity to a level in which the surface curva-

tures of nan oparticles dictate the direction 

of assembly.

Superlattices have emergent physical 

and electronic properties that arise from 

their building blocks and their geometry. 

The Kagome structure—a non–close-packed 

six-membered star pattern—is particularly 

intriguing because of its chirality and frus-

trated packing geometry. This arrangement 

supports intimate interactions between 

neighboring nanoparticles with local close-

packed order while preventing the overall 

system from ordering over long distances. 

Such assembly requires a specific organiza-

tion of nanocrystals with a low density. It is 

not possible to arrange symmetric particles 

into such superlattices, including a Kagome 

McKetta Department of Chemical Engineering, University of 
Texas, Austin, TX, USA. Email: korgel@che.utexas.edu 

Cognitive rules, not 

explicit alignment 

or density changes, 

drive swarms of 

desert locusts.



INSIGHTS   |   PERSPECTIVES

926    28 FEBRUARY 2025 • VOL 387 ISSUE 6737

G
R

A
P

H
IC

: 
A

. 
M

A
S

T
IN

/
S
C
IE
N
C
E

science.org SCIENCE

lattice, because they tend to pack densely 

into close-packed patterns throughout the 

entire structure.

Wan et al. synthesized dumbbell-shaped 

nanocrystals composed of multiple layers 

of different rare-earth elements (yttrium, 

ytterbium, erbium, gadolinium, and neo-

dymium). These nanodumbbells were 

about 60 nm in length with a tunable head-

to-waist ratio (d/D; d and D are diameters 

of the head and waist, respectively) that de-

termined the nanocrystal’s degree of cur-

vature. The convex and concave surfaces 

of the nanodumbbells interacted with each 

other to assemble into various patterns. 

At a high degree of curvature (d/D of 0.4), 

the dumbbells were positioned side by side 

in parallel with the convex heads nestled 

into the concave waists of a neighbor (cor-

ner fitting). By contrast, at a low degree of 

curvature (d/D of 0.8), the cap of the head 

fitted into the waist perpendicularly (cap 

fitting), creating a herringbone pattern. 

The most interesting arrangement was ob-

served when the head-to-waist ratio was 

0.6. In this case, the nanodumbbells orga-

nized into a non–close-packed structure, 

which formed bi-chevron and Kagome lat-

tices (see the figure). 

It takes more than just uniformly dis-

persed nanocrystals to create a superlattice 

that extends over a large distance. Symmet-

ric particles, such as spheres, do not have 

a preferred orientation during self-assem-

bly. Thus, it only takes simple evaporation 

of solvent to reach a thermodynamically 

stable structure with a long-range order. 

By contrast, a mixture of different-sized 

nanocrystals or complex-shaped building 

blocks with preferred orientations can be 

kinetically stuck into disordered or meta-

stable states (6, 7). One way to overcome 

the trapped state is to chemically modify 

the colloidal solution of nanocrystals. Free 

ligands can be added to the solution to pro-

mote attraction between building blocks 

based on exclusion (depletion attraction). 

Thus, when two particles move closer to-

gether, small molecules are excluded from 

the region between them. This creates an 

osmotic pressure gradient and provides an 

extra driving force to attract the two par-

ticles. Such depletion interactions driven 

by additional ligands can promote self-as-

sembly of specific superlattices from a dis-

persion of two different-sized nanoparticles 

(8), as well as by nanorods (9).

Wan et al. also observed that excess li-

gand (oleic acid) is essential to assemble 

nanodumbbells into superlattices with 

long-range order. Calculations showed that 

depletion attraction between two nano-

dumbbells depends on their orientations 

because of the coexistence of convex and 

concave surfaces. The most energetically 

favorable orientations arose when the con-

vex caps nestled into the concave waists. 

The attractive interactions between nano-

dumbbells led to a strong preference in the 

bond angle between nanodumbbells, which 

dictated the assembly pattern. 

Non–close-packed structures such as 

Kagome lattices tend to be unstable be-

cause of the free volume entropy (increase 

in a system’s entropy from available empty 

spaces). Indeed, the Kagome structure of 

Wan et al. had a lower density than the 

disordered structures. Computational 

simulation confirmed that the Kagome su-

perlattices are the least favored structure 

without an additional driving force, such 

as depletion attraction, between particles. 

Although it is likely that oleic acid pro-

moted depletion attraction between nano-

dumbbells, the role of free ligands, as well 

as other forces in the assembly process, 

should be further elucidated. A time-de-

pendent molecular dynamics simulation 

that accounts for kinetics and interaction 

mechanisms other than depletion attrac-

tion, such as lateral capillary forces and van 

der Waals attractions, could provide some 

insight (7). Van der Waals forces between 

neighboring dumbbells could also promote 

the attraction between the convex and con-

cave surfaces (10). Perhaps the primary 

role of excess ligands is to simply help cir-

cumvent kinetic trapping into disordered 

structures, while other mechanisms cause 

or contribute to the directional alignment 

of nanodumbbells in the Kagome super-

lattices. The question of whether the low-

density Kagome structure is in a stable 

state also remains to be answered. These 

superlattices coexist with the high-density 

bi-chevron patterns. Thus, it is unclear 

which is the true equilibrium structure or 

if there is indeed coexistence between the 

sparse Kagome arrangement and dense bi-

chevron pattern. The Kagome superlattice 

could be a frozen state in between disor-

dered and bi-chevron phases.  

The Kagome superlattices of Wan et 

al. are particularly interesting because of 

their chirality. Chiral structures offer the 

potential to generate a new class of nano-

materials in which light emission or mag-

netic fields are controlled precisely. The 

low density of the Kagome structure also 

offers additional functionality because 

small molecules can be included in the 

empty spaces, such as chiral centers of the 

superlattice. The ability to manipulate the 

surface curvature in the individual nano-

crystal building blocks provides a power-

ful tool for controlling the self-assembly of 

superlattice structures. j
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Chiral superlattices made of nanodumbbells
Dumbbell-shaped nanocrystals have both convex and concave surfaces that can be adjusted for desired 

bond directionality. These particles assemble into complex patterns, such as chiral 

Kagome structures with emergent physical properties.
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By Caroline Gutjahr

G
lobal food security is under con-

stant threat by fungal, bacterial, 

and viral plant pathogens. Although 

plants have evolved innate immune 

responses against pathogens, 10 to 

23% of global crop yield is lost every 

year to fungal pathogens alone (1). Plant-

interacting microorganisms, including 

pathogenic fungi, translocate effector 

proteins into plant cells. These effectors 

enhance pathogen virulence by directly in-

terfering with the plant immune system or 

by manipulating other cellular functions. 

On page 955 of this issue, McCombe et al. 

(2) report that the pathogen Magnaporthe 

oryzae (which causes devastating rice 

blast) and two additional plant disease–

causing fungi enhance their pathogenicity 

by manipulating the plant’s monitoring 

of phosphate, a phosphorus-containing 

compound essential for plant growth. The 

mechanism tricks plants into entering a 

phosphate starvation response, which al-

ters metabolism but also disrupts immune 

signaling and responses to infection. These 

findings represent a mechanism by which 

fungal pathogens can manipulate plant de-

fense indirectly.

The success of pathogens is often im-

proved when plants are starved of one or 

more nutrients, and it seems that the nu-

tritional state of plants has a strong influ-

ence on their defense status (3). Phosphate 

starvation responses in plants are regulated 

by phosphate starvation response tran-

scription factors (PHRs), which bind to 

regulatory regions of phosphate starvation 

response genes to promote their transcrip-

tion. These genes encode proteins that are 

involved in mitigating phosphate starvation 

stress—for example, lipid modification pro-

teins, which reduce the use of phosphate 

in lipids, and phosphate transporters and 

phosphatases, which increase phosphate 

uptake by the cell. When sufficient phos-

phate is available, plant cells accumulate 

inositol pyrophosphates (PP-InsPs) that 

bind to proteins containing the SPX do-

main. When bound to PP-InsPs, SPX pro-

teins interact directly with PHRs to inhibit 

their action, thereby preventing phosphate 

starvation responses (4). Thus, the amount 

of PP-InsPs in the cell is an indicator of 

the plant’s phosphate status and is directly 

translated into transcriptional outputs.

Plant phosphate status has emerged as an 

important regulator of plant-microbe inter-

actions (5). Low phosphate concentrations 

are required to promote root colonization 

with the soil fungi that form a beneficial 

symbiotic relationship with ~80% of land 

plant species. This symbiosis, called arbus-

cular mycorrhiza, facilitates the delivery of 

mineral nutrients, especially phosphate, to 

the host plants. PHRs bind directly to the 

promoters of plant genes that are required 

to host these fungi inside root cells (6, 7). 

Plant phosphate signaling also modulates 

the composition of bacterial communities 

colonizing the root and rhizosphere (soil 

surrounding the root). For example, inac-

tivity or mutation of PHRs promotes the 

expression of bacterial flagellin-induced 

defense genes by the plant, which leads to 

the suppression of some bacterial taxa and 

thereby a shift in the composition of the 

community (8).

The study by McCombe et al. focuses on 

the pathogenic fungus M. oryzae. This fun-

gus induces blast disease in major cereals, 

such as rice (Oryza sativa), barley (Hor-

deum vulgare), and wheat (Triticum aes-

tivum). M. oryzae is considered the most 

destructive rice pathogen globally. It causes 

lesions in leaves, which reduces photosyn-

thesis, and rotting and breaking of stems 

below the ear, which leads to severely re-

duced yield (9). The authors studied a spe-

cific effector that is released by M. oryzae. 

The effector was chosen because its amino 

sequence resembled that of a nucleoside-

diphosphate linked to moiety X (Nudix) hy-

drolase. Nudix hydrolases are enzymes that 

are found across all domains of life. They 

hydrolyze a wide spectrum of organic pyro-

phosphates, including PP-InsPs.

McCombe et al. used RNA interference to 

inhibit the expression of the Nudix hydro-

lase effector gene (MoNUDIX) in M. oryzae. 

A fungal pathogen fabricates phosphate starvation 
in plant cells to promote virulence

Max Planck Institute of Molecular Plant Physiology, Potsdam, 
Germany. Email: gutjahr@mpimp-golm.mpg.de

Faking a lack of phosphate
In conditions of phosphate sufficiency, inositol pyrophosphates (PP-InsPs) are abundant in the plant cell. 

They bind SPX domain–containing proteins, enabling them to bind and inhibit phosphate starvation response 

transcription factors (PHRs). Therefore, PHR target genes are not expressed. Upon Magnaporthe oryzae

infection, the biotrophic interfacial complex (BIC) of the fungus secretes nucleoside-diphosphate linked to 

moiety X (Nudix) hydrolase effectors into the plant cell. These effectors hydrolyze PP-InsPs. Without sufficient 

PP-InsPs, SPX proteins release PHRs from inhibition, enabling them to bind to target promoters and activate 

gene expression. Free SPX proteins are ubiquitinated (Ub) and degraded by the proteasome.
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They also generated mutant lines of the 

fungus with CRISPR-Cas9–mediated dele-

tion of MoNUDIX. Both interventions re-

sulted in reduced virulence of M. oryzae in 

rice and barley. The authors also deleted the 

conserved Nudix hydrolase effector genes in 

the fungi Colletotrichum higginsianum and 

Colletotrichum graminicola, which cause 

anthracnose disease of Arabidopsis thali-

ana and maize (Zea mays), respectively. 

They found that the role of Nudix hydrolase 

effectors in promoting virulence was con-

served across all three fungi.

McCombe et al. used crystallography 

to solve the structure of MoNUDIX. It 

was highly similar to that of human di-

phosphoinositol polyphosphate phospho-

hydrolase 1, a well-characterized Nudix 

hydrolase that hydrolyzes PP-InsPs. The 

authors showed that MoNUDIX and 

C. higginsianum NUDIX hydrolyze a 

specific PP-InsP in vitro. To understand 

whether MoNUDIX is translocated from 

the fungus into the plant cell, the authors 

transgenically expressed a version of Mo-

NUDIX tagged with a red fluorescent 

protein in M. oryzae. They found that Mo-

NUDIX is translocated from M. oryzae into 

barley and rice cells and that it localizes to 

the host cell cytoplasm as well as the bio-

trophic interfacial complex (BIC)—a site in 

the infecting hypha (branching filament 

that penetrates the host) that secretes 

 effectors (9).

When McCombe et al. expressed Mo-

NUDIX, PHRs, and SPX proteins in the 

leaves of the heterologous model system 

Nicotiana benthamiana, MoNUDIX dis-

rupted the interaction between PHRs and 

SPX proteins and thus promoted the tran-

scription of phosphate starvation genes. 

This did not occur when the authors used 

a mutant version of MoNUDIX that can-

not bind PP-InsPs and is thereby unable to 

hydrolyze them, leaving them available for 

binding to SPX. Similarly, RNA sequencing 

of rice leaves infected with either wild-type 

M. oryzae or M. oryzae with a MoNUDIX 

deletion revealed that the group of genes 

with higher expression in the wild-type in-

fected plants was enriched for phosphate 

starvation response genes. This indicates 

that M. oryzae promotes phosphate star-

vation responses in its natural host, rice, 

through the action of the Nudix hydrolase 

effector (see the figure).

Effectors with Nudix hydrolase domains 

have been described before in the flax rust 

fungus Melampsora lini, the oomycete 

Phytophthora sojae, and the bacterium 

Ralstonia solanacearum (10–12). However, 

other biochemical functions were ascribed 

to them. McCombe et al. now provide evi-

dence that Nudix hydrolase effectors from 

pathogenic fungi can interfere with phos-

phate sensing by selectively hydrolyzing 

PP-InsPs.

How a manufactured state of cellular 

phosphate starvation promotes the success 

of M. oryzae remains an open question. On 

the basis of previous evidence from stud-

ies in A. thaliana (8), it is possible that the 

release of PHRs from inhibition by SPX 

proteins not only promotes phosphate 

starvation responses but also suppresses 

the expression of genes associated with 

defense against pathogens, for example, 

those encoding proteins that induce the 

death of infected cells to prevent pathogen 

spread. This hypothesis is supported by the 

observation of McCombe et al. that, com-

pared with wild-type M. oryzae, infection 

of rice with M. oryzae lacking MoNUDIX 

results in a greater amount of reactive oxy-

gen species in leaves, which is indicative of 

a stronger pathogen defense response. Al-

ternatively, the reduction of PP-InsPs and 

resulting phosphate starvation response 

might lead to an increase in phosphate up-

take and accumulation in plant cells. This 

extra phosphate could feed the fungus or 

modify plant cell metabolism in a way that 

favors the fungus.

Regardless of the underlying mecha-

nisms, the study by McCombe et al. em-

phasizes the major role of plant phosphate 

signaling in regulating plant disease and 

highlights a route by which pathogens can 

exploit the cross-talk between nutrient 

signaling and immunity. More research 

into the connection between plant nutri-

ent signaling and plant immunity might 

provide strategies to integrate fertilization 

with the management of plant disease in 

agriculture.        j
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HYDROGELS

Hot and cold 
hydrogel with 
still water 
Carbon chains immobilize 
water molecules, making 
a hydrogel elastic across 
temperatures 

By Zhaohan Yu and Shaoting Lin

T
he soft polymer network of a hydrogel 

is infiltrated with water molecules, a 

hydrated state that makes hydrogels 

useful in biomedical research and in 

a range of consumer products, such as 

contact lenses and wound dressing. In 

contrast to polymers that transform between 

different states when heated or cooled, a 

hydrogel generally does not undergo poly-

meric phase transition because of its hydra-

tion. However, a change in temperature can 

evaporate or freeze mobile water molecules 

within the polymer networks, which modi-

fies the hydrogel’s mechanical properties (1). 

This compromises elasticity of a hydrogel 

and makes it easily breakable. On page 967 

of this issue, Zhang et al. (2) report a way 

to control water molecules in polymer net-

works and produce a temperature-tolerant 

hydrogel that maintains its elasticity across 

a wide range of temperatures from –115° to 

143°C. This unlocks potential applications 

that were deemed impossible because of the 

operation conditions. 

The primary challenge in making a hy-

drogel with temperature-tolerant elasticity 

lies in effectively immobilizing water mol-

ecules within polymer networks. One strat-

egy to address this problem is to engineer 

functional groups on polymer networks 

(3). A group of atoms with distinct chemi-

cal properties can bind to water molecules 

that are in close vicinity while other water 

molecules flow freely within the network 

(4). An alternate method is incorporating 

hygroscopic salts—compounds that absorb 

moisture from the surrounding environ-

ment—into a hydrogel (5, 6). This approach 

reduces the overall mobility of water mol-

ecules by promoting their interaction with 

ions present in the salts. However, hygro-

scopic salts cannot completely lock water 
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on the networks because they also move 

around within a hydrogel. 

Zhang et al. used the sulfuric carboniza-

tion reaction to make a hydrogel tempera-

ture tolerant. In this reaction, sulfuric acid 

extracts water to produce a carbon-rich 

residue on a material. This method suc-

cessfully immobilizes water molecules in 

polymer networks by forming sulfuric acid 

hydrates. However, the reaction breaks down 

polymers, which leads to fragmentation of 

polymers and thus degrades a hydrogel. To 

solve this problem, Zhang et al. created a 

hydrogel with two interpenetrating meshes 

of polymer chains in which one of them is a 

sacrificial network that primarily reacts with 

sulfuric acid to produce a carbon layer on 

the other polymers for protection and water 

immobilization (see the figure). The design 

of double-network hydrogels is known for 

enhanced toughness (7, 8) but has not been 

implemented for temperature tolerance. 

Two polymers with distinct properties are 

needed to achieve selective carbonization 

reaction. Alginate (a natural polysaccharide) 

forms a network through ionic interactions. 

By contrast, polyacrylamide (a synthetic 

polymer) is linked by covalent bonds. In the 

sulfuric carbonization reaction of Zhang et 

al., sulfuric acid primarily reacted with the 

alginate network to produce short chains 

of carbon (carbon snakes) while preserving 

the structural integrity of cross-linked poly-

acrylamides. The carbonization reaction was 

confirmed by an observed exothermic peak 

at a temperature of around 143°C. The car-

bon snakes adhered to and encapsulated the 

main chains of the polyacrylamide networks 

and acted as a shield to protect the polymers 

from excessive reaction and degradation. 

The resulting hydrogel comprised a single 

network of polyacrylamide coated with sul-

furic acid–bound carbons that immobilized 

adjacent water molecules. No phase transi-

tion was observed in either fragmented al-

ginate chains or polyacrylamide networks 

across a wide range of temperatures. This 

confirmed the ability of carbon snakes to 

effectively lock water molecules within the 

hydrogel. Additionally, Zhang et al. did not 

observe an exothermic reaction associated 

with evaporation of water molecules, which 

is often present in conventional hydrogels 

at high temperatures (9). Consequently, the 

temperature-tolerant hydrogel maintained 

its elasticity between –100° and 140°C. 

The selective carbonization strategy re-

quires a sacrificial network, so it is intuitive 

to think that the method cannot be applied 

to a single-network hydrogel. To demon-

strate the generality of the approach, Zhang 

et al. performed the reaction on a hydrogel 

made of one type of polymer. The synthetic 

polymer, poly(N-vinylpyrrolidone), forms 

reactive side chains under acidic condi-

tion. Sulfuric acid primarily reacted with 

these short auxiliary chains to form carbon 

snakes that encapsulated the long chains 

that comprise the main network. The result-

ing hydrogel exhibited similar temperature-

independent mechanical behavior between 

–112° and 135 °C. 

Although the study of Zhang et al. con-

firms the broad applicability of the water 

immobilization strategy, additional analysis 

is needed to further elucidate the underly-

ing mechanisms of temperature tolerance 

in hydrogels. For example, the differential 

scanning calorimetry used by Zhang et al.

measures thermal transitions on the basis 

of the amount of heat absorbed or released 

by a sample, which shows absence of phase 

transitions within the hydrogels at extreme 

temperatures. Zhang et al. presented a plau-

sible hypothesis of the immobilized water 

molecules suppressing phase transitions of 

polymers and water within the hydrogel. 

However, how water molecules that are 

far away from the polymer chains behave 

remain to be solved. Additional character-

izations such as superresolution Raman 

microscopy (10) could potentially provide 

details of the underlying pictures. 

The findings by Zhang et al. could have 

far-reaching implications. Research in de-

veloping high-performance hydrogels pri-

marily focuses on exploiting the design of 

constituent polymer networks (11). Little 

attention has been given to water molecules 

within a hydrogel because they are gener-

ally considered to have negligible influence 

on mechanical properties. The strategy by 

Zhang et al. opens a new path for designing 

high-performance hydrogels by strategically 

engineering water molecules to immobilize 

them within the polymer networks. The abil-

ity to precisely manipulate water molecules 

in hydrogels could bring previously inacces-

sible advanced technologies, including but 

not limited to tissue preservatives and fire 

retardants. j
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polyacrylamide network.

Temperature-tolerant hydrogel
A hydrogel that consists of two distinct networks of 

polymers can effectively immobilize water molecules

without deteriorating its structural integrity. Locked 

moisture maintains the hydrogel's elasticity in a 

broad range of temperatures.
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Assessing market failures 
driving pesticide resistance
Some US farms’ use of transgenic Bt corn raises questions 

By Zachary Brown1,2 and Dominic Reisig2,3

G
reater use of a pesticide usually has 

two dynamic and countervailing ef-

fects on pest populations: (i) To the 

extent that susceptibility remains in 

the population, it reduces that popu-

lation’s growth (population suppres-

sion) or crop damage, and (ii) it selects for 

resistant genotypes, which can increase fu-

ture crop damage (resistance selection). Be-

cause these effects occur simultaneously, it is 

challenging to disentangle them in field set-

tings. Economists studying pesticide resis-

tance have theorized that two potential 

market failures inherent to the problem can 

work in opposing directions; it is an empiri-

cal matter whether farms are over- or under-

using a pesticide in any given context, 

compared to what would be optimal for their 

collective profits. On page 943 of this issue, 

Ye et al. (1) describe the use of transgenic Ba-

cillus thuringus (Bt) corn to provide an im-

portant example of how to empirically assess 

the balance of these market failures in an 

applied, policy-relevant setting.

Pesticide resistance is a critical and grow-

ing challenge for agricultural sustainability, 

with social and economic drivers creating 

complex feedbacks with the problem’s bio-

logical dynamics (2). Across crops and pests, 

resistance to available pesticide modes of 

actions (MOAs) is evolving faster than new 

MOAs are being discovered and deployed. 

Recent research has also identified broader 

public health risks than previously believed 

from escalating pesticide use (3).

One gap in the research literature on re-

sistance, which Ye et al. seek to address, has 

been large-scale empirical economic assess-

ments of Bt resistance. Transgenic Bt corn 

and cotton varieties, first commercially 

planted in the US in 1996, are engineered 

to express toxins naturally produced by Bt, 

which kill numerous economically damag-

ing agricultural pests with high specificity. 

As part of commercial approval, the US 

Environmental Protection Agency (EPA) de-

veloped a regulatory framework in the 1990s 

to delay the evolution of pest resistance to 

Bt toxins, using its pesticide permitting 

authority under the Federal Insecticide, 

Fungicide, and Rodenticide Act (FIFRA). 

The EPA’s action has proven farsighted: 

Bt varieties now dominate over 85% of US 

corn and cotton acreage (4), which has led 

to area-wide suppression of pests (5) and 

concomitant decreases in the use of riskier 

foliar (applied to leaves) and soil-applied in-

secticides on these crops (6). This has been 

counterbalanced by increases in the selec-

tion pressure on pests to evolve resistance 

to Bt toxins (2, 7, 8).

The crux of the EPA’s Bt crop regulations 

takes the form of “refuge mandates,” re-

quirements for farmers to set aside a cer-

tain portion of their planted corn acreage 

for non-Bt hybrids, with the intention for 

this non-Bt acreage to serve as a refuge 

for Bt-susceptible pests—and their genes. 

The mandated non-Bt refuge varies by Bt 

toxin and region, ranging from 50% to as 

low as 5% of a farm’s total corn acreage. 

The mandated spatial structure of refuge 

also varies by crop and region. In the Corn 

Belt, mixtures of Bt and non-Bt corn seed 

(“refuge in a bag”) prior to planting satisfy 

these mandates. In most of the Cotton Belt, 

by contrast, the EPA requires spatially sepa-

rate non-Bt corn refuge. These differences 

reflect differences in target pest species and 

their biology and have been developed in 

consultation with scientific advisory panels, 

industry, farmer interest groups, academia, 

and other stakeholders.

The EPA’s Bt refuge regulations arguably 

remain the most comprehensive example 

globally of a governance system for man-

aging and delaying pesticide resistance (7). 

Nevertheless, there are numerous resis-

tance cases for several lepidopteran pests 

and Diabrotica virgifera virgifera [western 

corn rootworm (WCR)] (8). Key continuing 

challenges for the EPA’s Bt policies include 

defining, monitoring, and identifying the 

evolution of resistance in complex agro-

ecological systems with background fluc-

tuations in overall pest pressure, especially 

for pests without high susceptibility to Bt, 

which are not completely controlled by Bt 

crops and are prone to quickly evolving re-

sistance. WCR is a notable example.

The EPA acknowledges that extending the 

efficacy of Bt toxins is a public good. When 

current Bt toxins fail, there may be no new, 

improved Bt toxins ready for deployment. 

In these cases, farmers will likely return to 

using insecticides that pose more substan-

tial risks to human health and the environ-

ment. Indeed, increased foliar spraying for 

Helicoverpa zea (corn earworm) has already 

been observed in the US Southeast owing to 

increased Bt resistance (9).

Despite the EPA’s robust scientific advi-

sory process for informing and adapting its 

regulations to changing circumstances and 

new research, it does not conduct or elicit 

equally comprehensive benefit-cost analysis 

(BCA) of its Bt regulations. This is striking 

for at least two reasons: First, the FIFRA 

from which the EPA derives its Bt regula-

tory authority states that the EPA’s permit-

ting decision for a pesticide must be based 

on whether it poses “unreasonable adverse 

effects on the environment” (10 ). The Act 

defines these to include “any unreasonable 

risk to man or the environment, taking into 

account the economic, social, and environ-

mental costs and benefits of the use of any 

pesticide” (10) . This statutory language ob-

ligates the EPA to include economic assess-

ments of its pesticide-permitting decisions. 

Second, the size and scope of the EPA’s Bt 

refuge mandates have been an ongoing 

point of contention between the EPA, farm-

ers, industry, and concerned public advo-

cacy groups, with some arguing that these 

mandates place undue burden on farmers 

and unnecessarily limit agricultural pro-

ductivity, while others argue that overuse 

of Bt crops lessens the sustainability of our 

agricultural systems. Empirically grounded 

BCA could serve as a valuable foundation 

on which to build more constructive dia-

logue between conflicting stakeholders.

IDENTIFYING IMPACTS OF RESISTANCE 

Ye et al. take an important step in improving 

empirical economic assessments of Bt resis-

tance and pesticide resistance more gener-

ally. Their pest of interest is the WCR, which 

remains the most damaging and enigmatic 

insect pest in US corn fields. By assembling 

data from a large set of university field trials 

with hybrids containing Bt-targeting WCR 

(Bt-CR) traits and farmer survey data span-

ning the US Corn Belt, the authors apply a 

practical method for identifying and measur-

ing the productivity impacts of rootworm 
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resistance to Bt corn, controlling for simulta-

neous fluctuations in overall rootworm pres-

sure (e.g., arising from weather conditions 

and other environmental factors). 

Substantial Bt population-suppression ef-

fects have been documented in several eco-

nomically relevant pests [e.g., (5)]. There are 

strong reasons to suspect that this effect also 

applies to WCR, and one innovation of Ye 

et al. lies in separately identifying the pop-

ulation-suppression and resistance-selection 

impacts of Bt-CR planting history. They do 

this using the corn field trial data, sta-

tistically testing the extent to which 

Bt history predicts recorded damage 

from WCR in both Bt and non-Bt (i.e., 

“refuge”) plots.

Ye et al. find evidence that both ef-

fects are present and significant in 

WCR. WCR damage on non-Bt plots 

was lower if Bt had been planted on 

the same plot in the preceding year—

clear evidence of a population-sup-

pression effect. And WCR injury in Bt 

plots was higher if there was a history 

of Bt use on those plots—clear evi-

dence of selection for resistance. The 

researchers find that only the preced-

ing year’s Bt planting history is signifi-

cantly predictive of these effects, not 

the cumulative amount of Bt planted 

over several years. This appears at 

odds with biological theory and mod-

els of resistance evolution (and some 

previous empirical research), in which 

sustained selection pressure generates 

increasing resistance. The research-

ers caveat this finding by describing 

multiple environmental and economic 

dynamics that may impede measure-

ment of the full, cumulative effects 

of resistance on observed corn root damage. 

This reveals one limitation of the study: its 

lack of pest sampling and bioassay data that 

could provide clearer signals of resistance, 

particularly in early stages when mitigation 

is likely to be most cost-effective (11).

Using estimated root-injury effects from 

suppression and selection, the researchers 

extrapolate impacts on corn yields using re-

lationships established in previous research. 

In extrapolating these yield effects, the au-

thors account for observed heterogeneity in 

background pest pressure between Eastern 

and Western Corn Belt states as measured 

by WCR damage on non-Bt corn plots with 

no prior Bt history. Field trials in Eastern 

states showed substantially lower WCR 

pressure, implying lower gains to farmers 

from Bt-CR traits.

BALANCING FARMER INCENTIVES

Farmers’ Bt-CR planting decisions have ef-

fects on WCR pressure and resistance levels 

faced by neighboring farms. Without poli-

cies or institutions to account for these ef-

fects, individual farmers do not have any 

incentive to, either, even though doing so 

could improve farmers’ collective profits. 

Economists refer to such mismatched eco-

nomic incentives as “market failures.” Yet it 

is not clear whether market failures in this 

case lead farmers to plant too much or too 

little Bt. If the potential for resistance selec-

tion is low, then Bt-CR planting would have 

a clearly positive effect on other farms in 

the area or region, by reducing overall pest 

pressure, similar to the area-wide effects of 

Bt crops seen with other pests (5). Alone, 

this effect would be expected to lead farm-

ers to individually exert less control effort 

than would be collectively optimal for their 

profits, because they would ignore these 

benefits to other farms in their planting 

decisions. However, if Bt-CR traits posed a 

high potential for resistance but provided 

little population suppression, then indi-

vidual farmers’ use of these traits would 

have negative effects on other farms , by 

contributing to reduced Bt-CR efficacy. In 

reality, Ye et al. show that both population 

suppression and resistance selection from 

Bt-CR traits are present. So, it is an empiri-

cal question whether individual farmer in-

centives encourage over- or underplanting 

these traits. 

Assessing the balance of these market 

failures, which are mediated by pest disper-

sal among farms (12), is challenging because 

it requires not only describing the observed 

economic outcomes, but also reckoning how 

farmers would behave under dynamically 

changing pest conditions and resistance 

levels, as well as in evaluating what would 

be collectively profit maximizing. This is 

necessarily an assumption-laden model-

ing exercise that goes beyond what even 

the most comprehensive datasets could 

reveal, but it is essential for normative 

economic assessments of resistance man-

agement outcomes and policies. Ye et al. 

use appropriate economic modeling 

techniques and make an admirable 

effort to examine the sensitivity of 

their results on the basis of different 

modeling assumptions, in particular 

the dispersal rates of WCR over dif-

ferent geographic scales, the science 

on which continues to improve (as 

Ye et al. discuss ). Additionally, they 

consider the economic discount rate, 

which determines the present value 

of future profits, a factor with a long 

history of debate among economists 

and well-known to determine the 

conclusions of BCA.

Examining farm survey data, Ye et 

al. find that farmers in the Western 

Corn Belt planted 59% of their corn 

acreage with Bt-CR traits in 2014–

2016—levels roughly in line with 

their own self-interest as well as the 

collective optimum. But this align-

ment did not arise because market 

failures were absent. Rather, the 

researchers’ statistical analysis com-

bined with their bioeconomic model 

imply that, in this region, the posi-

tive area-wide effects of WCR sup-

pression from Bt-CR traits roughly 

balanced the negative effects of resistance.

By contrast, in the Eastern Corn Belt, Ye 

et al. estimate much lower collectively and 

privately profit-maximizing Bt-CR plant-

ing rates of between 12 and 20%, depend-

ing on WCR dispersion assumptions, even 

though farms in this region used Bt-CR 

traits at levels (averaging 50% of their total 

corn acreage) similar to  those used in the 

Western Corn Belt over the same period. 

Ye et al.’s finding of lower optimal levels of 

Bt-CR in this region stem primarily from 

lower estimated WCR pressure based on 

the field trial . Lower pressure implies lower 

potential damage reductions and thus a 

lower potential value from Bt-CR traits in 

these areas. According to Ye et al., by plant-

ing Bt-CR at rates over double what would 

have been privately profit maximizing (let 

alone collectively optimal), Eastern Corn 

Belt farms missed out on over $99 million 

per year for the period 2014–2016.

Ye et al. offer two possible explanations 
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for why Eastern Corn Belt farmers appear 

to be massively overplanting—and overpay-

ing—for Bt-CR traits, each with different 

implications for policy. First, previous work 

cited by Ye et al. documents a more limited 

availability of non-Bt corn hybrids for sale 

than Bt hybrids. Thus, farmers may not be 

able to obtain a non-Bt hybrid suited to their 

needs. Other research also cited by Ye et al. 

shows that, particularly given the oligopolis-

tic structure of the US corn seed industries, 

producers have an incentive to bundle their 

highest-value germplasm with transgenic 

traits (for which they charge an additional 

fee) and to limit the variety of hybrids with-

out such traits. (Notably, Ye et al. do not 

include the diversity of hybrids in Bt-versus-

non-Bt varieties within their bioeconomic 

model.) US corn and soy seed companies 

continue to face scrutiny and antitrust litiga-

tion for potentially unfair business practices 

stemming from their market power (e.g., 

the current FTC v Syngenta case). Ye et al.’s 

findings, together with previous research, 

suggest that such practices could include 

limiting the variety of non-Bt hybrids for 

sale, which can accelerate Bt resistance and 

ultimately cause additional harm to farmers. 

Ye et al. also suggest that Bt-CR overplant-

ing in the Eastern Corn Belt may result from 

farmers overestimating Bt-CR pest pres-

sure. One should be skeptical of this argu-

ment: Typical corn farms in this region are 

competitive commercial enterprises with 

tens of thousands of dollars in operational 

cash receipts and expenditures. They have 

strong incentives to save on unnecessary 

production costs. Still, perfect competition 

and completely rational profit maximization 

are useful fictions in economic research. Ye 

et al. point to previous research revealing 

behavioral anomalies in US farms’ chemical 

input decisions that apparently deviate from 

profit-maximizing behavior. A related poten-

tial explanation, not discussed by Ye et al., 

lies in farmer risk aversion: Farmers may be 

willing to tolerate decreased expected profits 

from buying Bt-CR traits, to decrease their 

exposure to the risk of WCR infestation. 

Previous research has found farmer risk 

preferences influence pesticide demand in 

this way (13). Information- and risk-based 

explanations for Ye et al.’s findings implicate 

a clear, enhanced role for public agricultural 

extension to further its effective dissemina-

tion to farmers of findings from university 

field trials and entomological monitoring on 

the actual, localized risks of WCR (and other 

Bt-targeted pests).

IMPLICATIONS, LESSONS, GAPS

Ye et al. do not directly address the EPA’s 

Bt refuge mandates, though their research 

has implications for these regulations. First, 

it suggests that existing Bt refuge mandates 

are insufficient for achieving collectively 

optimal levels of Bt planting, at least in the 

Eastern Corn Belt. Although planted refuge 

almost universally meets the EPA require-

ments in the Corn Belt using seed mixtures,  

the mandated non-Bt refuge level there is 

only 5% of a farmer’s Bt acreage for prevail-

ing Bt-CR “pyramids” (multiple Bt-CR traits 

in the same plant). Second, Ye et al.’s finding 

that economically efficient Bt-CR planting 

rates differ substantially between the West-

ern and Eastern Corn Belt suggests that the 

EPA should consider setting refuge mandates 

separately for these subregions.   

The EPA’s most recent policy frameworks 

for WCR and lepidopteran pests make clear 

that refuge mandates alone are insufficient 

for its regulatory objectives (14, 15). Recently, 

the EPA has proposed that in certain areas of 

the Cotton Belt, where corn refuge seed mix-

tures do not count toward refuge , farmers 

buying Bt corn seed must also purchase non-

Bt corn seed at a 20% refuge proportion at 

the point of sale (15). For WCR, the EPA em-

phasizes integrated pest management (IPM). 

One IPM tactic for WCR that the EPA has 

sought to further incentivize is crop rotation 

(14). Economic evaluations of these expanded 

tactics will become more important as the 

agency tries to determine the most effective 

and efficient course forward, while transpar-

ently justifying its actions to a range of stake-

holders. Ye et al. demonstrate an empirically 

grounded approach for such evaluations.

Another lesson from this research lies in 

data accessibility and transparency, the lack 

of which has imposed a barrier to more eco-

nomic research on this topic. Crucial parts 

of Ye et al.’s economic analysis rely on farm 

seed purchase surveys from a private market 

research firm. Because they provide more de-

tailed information on the sales and deploy-

ment of different genetically engineered (GE) 

traits across corn hybrids than any other 

existing data sources, including from the 

National Agricultural Statistics Service with 

the US Department of Agriculture (USDA), 

they have been in high demand among ag-

ricultural economists studying GE crops 

and pesticides. But they are proprietary and 

expensive, and multiple research projects 

funded by the USDA National Institute of 

Food and Agriculture have separately paid 

the costs for these same data products. Be-

yond the inefficiency of this arrangement, 

this poses considerable barriers to the 

scientific principles of transparency and 

reproducibility. More open, high-quality 

data on the deployment of Bt and other 

GE crop traits would improve the ability of 

the scientific community to build a richer 

evidence base on which to build regulatory 

programs. For comparison, it is notewor-

thy that another data product on pesticide 

sales—by the same market research firm—

is used under contract to publicly report 

data on agricultural pesticide use for the 

National Water Quality Assessment within 

the National Oceanic and Atmospheric 

Administration. Those pesticide data have 

served as a critical evidence base for recent 

research examining the local public health 

effects of agricultural pesticides (3). In 

principle, a similar arrangement could be 

reached with the survey firm’s Bt trait data, 

which could, for example, inform public un-

derstanding of corn hybrid availability and 

diversity in Bt and non-Bt products.

Finally, a continuing gap in applied re-

search on the economics of resistance con-

cerns the environmental and health risks 

of pesticides. Like other economic research 

on pesticide resistance, Ye et al.’s conclu-

sions about whether Bt-CR traits are over-

used account only for farm profits. For the 

EPA to carry out economic evaluations of 

Bt resistance policies and regulations, it 

will need to also account for environmen-

tal and health effects, in order for such 

evaluations to directly address the agency’s 

original rationale for regulating Bt crops 

using its FIFRA authority. Addressing the 

challenges faced by regulators and raised 

by Ye et al. will require balancing short-

term farmer incentives with long-term 

agricultural and environmental sustain-

ability, ensuring that Bt crops remain vi-

able tools for pest management.        j
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They are afraid of what the future holds 

for them and for those they love. They feel 

as though the things that might ease their 

daily struggles are being ignored or even 

mocked by “the other side.” 

Gray does not take sides. Instead, using 

a conversational tone and real-world ex-

amples, he deftly lays out a case for why 

people on any side of an issue of-

ten feel that they are victims and 

that those with opposing views 

are villains. Woven into his nar-

rative is Gray’s own research on 

morality and political division as 

well as other relevant research 

by scholars such as Elliot Turiel, 

Richard Shweder, and Jonathan 

Haidt. Importantly, he also lays 

out a path forward to better un-

derstanding those with whom 

we disagree.

Outraged tackles, in three 

sections, what Gray describes as 

three myths. The first myth is 

that humans evolved as predators rather 

than prey. Using evidence from anthropol-

ogy and primatology, he argues that we 

need to look further into our past than 

the relatively recent history of humans as 

apex predators to a time when our spe-

cies’ major concern was staying out of the 

By Sean M. Laurent 

N
avigating conflict is difficult in the 

best of circumstances. It becomes 

even harder when our disagreements 

are deeply rooted in opposing moral 

convictions about the directions in 

which our collective lives are mov-

ing. When these tensions are 

embedded in contexts involv-

ing existential threats such as 

a changing climate that brings 

devastating storms or low wages 

and high prices for everything 

from grocery staples to health 

care and housing, fighting natu-

rally erupts over the best way to 

fix a broken system. Political po-

larization seems inevitable. 

In his compelling book, Out-

raged: Why We Fight About Mo-

rality and Politics and How to 

Find Common Ground, moral 

psychologist Kurt Gray uses 

stories and science to help readers un-

derstand why people are so angry at each 

other about almost everything. The rea-

son, in his view? They feel threatened. 

PSYCHOLOGY

A moral psychologist offers a framework for bridging divides 

B O O K S  e t  a l .

Turning down the outrage

stomachs of the many animals that wanted 

to eat us. His conclusion—that humans 

evolved as prey and that our primary evo-

lutionary motivation is to defend rather 

than attack—sets the stage for why he be-

lieves we are constantly vigilant for threats 

and frequently feel like victims, even as the 

world has grown considerably safer. 

The second myth Gray seeks to dis-

pute is that harmless wrongs exist. Here, 

he outlines much of his research program 

and makes his second major point: that all 

moral understanding is implicitly rooted 

in variable perceptions of harm. 

Naturally, if avoiding threats is our pri-

mary concern, we fall prey to the idea that 

people are either hunters or the hunted, 

but not both—a phenomenon Gray calls 

“moral typecasting.” According to this 

framework, we and those on “our side” 

are innocent victims, pursued by attackers 

who want to destroy us and the things we 

value. However, neither of these things are 

usually true. 

Because we are all programmed to be 

sensitive to threats of harm, everyone’s 

morality operates in the same way, Gray 

maintains. Thus, our moral disagreements 

generally involve conflicting ideas about 

who and what is vulnerable and needs pro-

tection. His team’s research challenges the 

idea that distinct “types” of morality ex-

ist, because seemingly “harmless wrongs,” 

such as eating the wrong kind of food too 

soon after a father’s funeral or disobeying 

an authority figure, can nonetheless be 

perceived as harmful by those who moral-

ize such behaviors. 

To close the book, Gray makes a case 

against a third and final myth: that fact-

based arguments can bridge moral divides. 

Facts might make us seem rational, he con-

cedes, but it is our stories of vulnerability 

that help heal divisions, and sharing them 

can open the door to finding common 

ground. 

Although scientific findings are again 

used here, I found myself emotionally 

moved by the description of a facilitated 

conversation between Todd Underwood, a 

staunch gun-rights advocate, and Carolyn 

Tuft, a woman who was injured and whose 

child was killed in a mass shooting inci-

dent. The pair’s ability to acknowledge 

each other’s humanity and suffering sug-

gests hope for us all and offers a template 

for anyone to initiate overcoming differ-

ences by connecting, sharing, and, most 

importantly, listening. j

10.1126/science.adu7406

Moral disagreements are often rooted in different 

ideas about what needs protecting, argues Gray.

Outraged:
Why We Fight About 
Morality and Politics 

and How to Find 
Common Ground

Kurt Gray
Pantheon, 2025. 368 pp.
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By Nathan H. Lents

O
ne could be forgiven for not know-

ing much about the life that floats 

in the air around us. As journal-

ist Carl Zimmer explains in Air-

Borne: The Hidden History of the 

Life We Breathe, few of us do. His 

meticulously researched tome is at once a 

popular science book, a historical mono-

graph, a public policy lesson, and a com-

prehensive primer on the subdiscipline 

of science known as “aerobiology,” prac-

titioners of which study this very topic. 

Zimmer dramatically de-

scribes how aerobiology burst 

onto the public stage during 

the 19th-century debates sur-

rounding the theory of spon-

taneous generation—the idea 

that life could arise from non-

living matter. Louis Pasteur’s 

veal bouillon and swan-necked 

flasks will be well known to 

most scientists, but Zimmer 

also recounts Pasteur’s lesser-

known journey to the top of 

a glacier to see whether life 

teemed in the air there, too. 

(Spoiler alert: It does.) Color-

ful and informative historical 

anecdotes about the work of 

many other pioneers of micro-

biology, such as Robert Koch, 

Joseph Lister, and John Snow, 

appear here as well. 

Unsurprisingly, much of the 

research on airborne life is, 

and always has been, focused 

on how pathogens spread. What is surpris-

ing is how often—and how badly—we have 

gotten things wrong. 

As contagionists, miasmatists, and sani-

tarians staked out their various public health 

positions throughout history, pandemics 

and plagues raged. The quarantine, first 

conceived of as a 30-day restriction meant 

to prevent entry of the Black Death into 

Dubrovnik, Croatia, in 1377, was a spectacu-

lar success. Yet five centuries later, yellow 

fever quarantines were being referred to by 

anticontagionists as “willful murder”—a re-

frain with a familiar echo. 

Zimmer’s tour through global scourges 

includes discussions of historical outbreaks 

of tuberculosis, pertussis, measles, and 

chicken pox, among others. The fact that 

physicians seeking to treat these outbreaks 

used the same approaches to characterize 

pathogens of widely different natures—

viruses, aerobic and anaerobic bacteria, 

and fungi—without appreciating the risk of 

cross-contamination within their facilities, 

ensured that the results were often conflict-

ing, contradictory, and confusing. 

As Zimmer carefully explains, most con-

tagions are spread through direct contact 

with infected persons or contaminated 

fluids, objects, or surfaces. Others hitch a 

ride on the respiratory droplets that form 

during speaking, sneezing, or coughing. 

But these droplets can perniciously spin off 

smaller aerosols, known as droplet nuclei, 

which are just a few microns in diameter 

and can waft long distances and be carried 

in updrafts. Influenza, severe acute respi-

ratory syndrome (SARS), and the common 

cold can be spread by all three modes of 

transmission, but, shockingly, we still do 

not know the relative contribution of each 

mode. Given how many people die from 

respiratory infections each year, our contin-

ued ignorance on this topic is nothing short 

of a scientific scandal. 

The public policy scandals are far worse. 

Neither SARS, nor MERS (Middle East 

respiratory syndrome), nor Ebola, nor the 

H1N1 or H5N1 influenza strains could com-

pete with anthrax and smallpox for atten-

tion from policy-makers at the dawn of the 

21st century. With palpable frustration, 

Zimmer describes an ambitious 2005 speech 

in which George W. Bush announced a gen-

erous budget for pandemic preparedness 

that failed to include substantial funding 

for research into how respi-

ratory infections spread. Of-

ficials assumed that we knew. 

Zimmer’s reporting is at 

its most penetrating when he 

reaches Wuhan in December 

2019. Here, he maintains, of-

ficials at the Chinese Ministry 

of Health, the US Centers for 

Disease Control and Preven-

tion, and the World Health 

Organization put their igno-

rance of respiratory transmis-

sion on full display. Zimmer 

describes the early efforts of 

a group of 36 aerobiology ex-

perts to warn the world that 

SARS coronavirus 2 was an 

airborne pathogen, spread 

not just through fluids and 

droplets but also by quiet 

breathing. While the public 

focused on handwashing and 

disinfecting surfaces rather 

than donning masks and res-

pirators, the outbreak became a pandemic. 

The final three chapters of Air-Borne

constitute the most comprehensive scien-

tific history of COVID-19 that I have read. 

Informed by personal interviews with many 

top officials, physicians, and scientists, 

Zimmer’s reporting is equal parts riveting 

and infuriating. Although the rapid devel-

opment of incredibly safe and effective CO-

VID-19 vaccines remains a scientific triumph, 

Zimmer hauntingly concludes that on most 

other scores—especially public resistance to 

vaccination, quarantines, and masks—we are 

worse off now than we were 5 years ago. j

10.1126/science.adt1510
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The air as ecosystem
We ignore the organisms that swirl around us at our peril 

Air-Borne:
The Hidden History 
of the Life We Breathe 
Carl Zimmer
Dutton, 2025. 496 pp.

How aerosolized pathogens spread is less well understood than many assume.
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EU agricultural policies have also elim-

inated some guarantees of environmental 

protection (6). Regulation 2024/1468 

of the EU Common Agricultural Policy 

(7) reduced some of the conditionality 

requirements for farmers in relation to 

animal welfare and the environment 

(8). For example, nonproductive areas 

are no longer required in arable lands, 

crop rotation is now optional, farmers 

have more flexibility in claiming excep-

tions to conditionality requirements, and 

small farmers are exempted from checks 

and penalties associated with such 

requirements. Furthermore, proposed 

biodiversity protections, such as regula-

tions related to the sustainable use of 

pesticides, were withdrawn in 2024 (9), 

and the European Commission decreased 

the budget for promoting sustainable 

agriculture and animal welfare in 

2025 (10).

These policy amendments, which reflect 

political and economic priorities, col-

lide with the EU’s biodiversity strategy 

for 2030, which aims to strengthen the 

EU legal framework for nature recovery 

and to increase compliance with EU 

environmental legislation. They also 

undermine the Treaty on the Functioning 

of the European Union (Article 191), a 

commitment to protect and improve the 

environment (11).

Edited by Jennifer Sills

Stop regression of EU 
conservation laws
Over the past three decades, the European 

Union (EU) has established a strong 

legislative framework to protect the 

environment and biodiversity. However, 

recent political decisions have created 

legal uncertainties and internal conflicts 

among EU regulations, with negative 

effects on nature conservation. To ensure 

that political decisions do not impede 

progress toward conservation objectives, 

the EU and its Member States must inte-

grate the principle of non-regression into 

conservation laws.

EU climate and energy policies 

(Regulations 2022/0160 and 2022/2577) 

(1, 2) have streamlined infrastructure 

project development at the expense of 

the environment. For example, environ-

mental impact assessments and controls 

by authorities have been simplified or 

even removed (3, 4). In some cases, public 

participation in environmental impact 

assessment processes has also been 

eliminated, in violation of the Aarhus 

Convention (5), which requires that the 

public have a voice in decision-making on 

environmental issues.

Exceptions to environmental and animal welfare requirements for farmers have undermined the EU’s legislative framework for conservation and biodiversity protection.

L E T T E R S

According to the 2012 Rio+20 Summit 

non-regression principle, countries are 

prohibited from weakening their domestic 

environmental protection (12). The EU 

and Member States should integrate the 

principle of non-regression into conserva-

tion laws and adhere to Article 11 of the 

Treaty on the Functioning of the European 

Union, which states that all policies 

must include environmental protection 

requirements (11). Only by ensuring that 

European policies remain aligned with 

conservation laws can the EU continue to 

be an international reference for conser-

vation goals.
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OUTSIDE THE TOWER

Assessing soil health with underpants
We watched as the two young boys stuck their shovels in the ground 

and painstakingly dug up the remains of the underpants. Most of 

the organic cotton fabric had decomposed in the 2 months that the 

underpants had been buried. “The worms, insects, and bacteria ate 

most of our underpants!” they exclaimed. “We have good soil!”

The boys’ experience was one of about 1000 moments across 

Switzerland in which citizen scientists revealed information about 

the biological activity of soil in their gardens, 

fields, and lawns. They did so as participants 

in our citizen science project (1), which we 

organized to raise awareness and collect data 

about the state of Swiss soils. At first, we con-

sidered using cotton squares or socks, but we 

wondered whether nonscientists would be 

interested enough to participate. Then we had 

an idea: Cotton underpants with elastic “skel-

etons” would be both intriguing and practical! 

Our suspicions proved correct. Once the project was announced, 

farmers and hobby gardeners all over the country leaped at the 

chance to fill the 1000 spots. 

We provided 1000 identical pairs of underpants for burial, and the 

participants recorded their management practices and collected 

nearly 900 soil samples. Although we encouraged them to inves-

tigate their soils, we also analyzed all soil samples and assessed 

underpants degradation from each location in our lab. We then 

correlated soil samples and management data with underpants 

degradation, finding that cotton underpants serve as easily acces-

sible soil-health indicators. As a result of media coverage, the project 

extended beyond Swiss borders, with reports from more than 25 

countries spanning almost every continent. 

This project helped us collect a unique dataset and gave us 

the opportunity to advocate for soil conservation in Switzerland 

and beyond. We provided the citizen scientists with personalized 

feedback, including soil analysis results, interpretation tools, and 

tips for sustainable soil management. Hopefully, the sensory 

experience of recovering a decomposed pair of underwear from 

their own land has inspired the participants to see soil as a living 

system and a vital resource and empowered them to serve as 

conscientious soil stewards.

S. Franz Bender1,2* and Marcel G. A. van der Heijden1,2*
1Research Division Agroecology and Environment, Agroscope, Zürich, 
Switzerland. 2Department of Plant and Microbial Biology, University of 
Zürich, Zürich, Switzerland. 
*Corresponding author. Email: franz.bender@agroscope.admin.ch; 
marcel.vanderheijden@botinst.uzh.ch

REFERENCES AND NOTES

 1.  Beweisstück Unterhose; www.beweisstueck-unterhose.ch.

10.1126/science.adw0030

Call for submissions

Outside the Tower is 

an occasional feature 

highlighting scientists’ 

advocacy experiences. 

Submit your advocacy 

story at http://cts.

sciencemag.org.

Citizen scientists buried and retrieved underpants to assess soil health. Here, underpants showing a range of decomposition hang from a clothesline.



28 FEBRUARY 2025 • VOL 387 ISSUE 6737    937SCIENCE   science.org

million to promote sustainable and high-quality 
agri-food products in the EU and worldwide,” press 
release (12 December 2024); https://ec.europa.eu/
commission/presscorner/detail/en/ip_24_6421.

 11. European Commission, “Consolidated version of the 
Treaty on the Functioning of the European Union” 
(2012); https://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=CELEX:12012E/TXT:en:PDF.

 12. M. Prieur, in A Global Pact for the Environment - Legal 
Foundations, Y. Aguila, J. E. Viñuales, Eds. (C-EENRG, 
2019), pp. 142–148.

COMPETING INTERESTS

  J.V.L.-B. is a member of the Canid Specialist Group of the 
International Union for Conservation of Nature and Natural 
Resources (IUCN) Species Survival Commission and a 
member of the scientific committee advising the Spanish 
Ministry for the Ecological Transition and the Demographic 
Challenge, both unpaid advisory roles.

10.1126/science.adu1943

Protect US racial 
affinity groups
On its first day, the Trump administration 

released several executive orders termi-

nating diversity, equity, and inclusion 

(DEI) programs, calling them “illegal,” 

“immoral,” and “discriminatory” (1, 

2). DEI programs include racial affin-

ity groups, which counter the systemic 

barriers to inclusion and advancement 

that Black, Indigenous, and People of 

Color (BIPOC) face in science, technology, 

engineering, and mathematics (STEM) 

disciplines (3, 4). These organizations 

provide a welcoming space for under-

represented scientists to give and receive 

culturally aware mentorship (5). Given 

that diverse teams produce more inno-

vative science (6), racial affinity groups 

benefit not only BIPOC scientists but also 

their employers and the public. Racial 

affinity groups do not violate US antiseg-

regation or antidiscrimination laws; they 

enable equitable access to resources that 

support academic advancement for all. To 

protect scientists and scientific output, US 

stakeholders must work to protect affinity 

groups from government interference.

Racial affinity groups—which include 

academic societies, social media groups, 

nonprofits, employee resource groups, and 

institutional and departmental organiza-

tions—strengthen the STEM community. 

They increase retention of BIPOC scien-

tists through professional development 

and mentoring (7). These scientists then 

contribute to the scientific enterprise by 

bringing new perspectives through their 

academic work, expanding science net-

works, and mentoring the next generation 

of STEM trainees (8). Racial affinity groups 

are critical communities of support and 

compassion for BIPOC scientists, many of 

whom are the only member of their racial 

or ethnic community in their workplace.

Although most employed US adults sup-

port DEI efforts in the workplace (9), the 

recent federal directives are only the latest 

in a series of attacks on DEI. More than 

half of all states have introduced legislation 

limiting DEI activities, and members of 

Congress have mocked DEI programs (10). 

These actions, in addition to the removal 

of race-related affirmative action policies 

in colleges (11), foreshadowed the current 

onslaught of anti-DEI actions. 

The current political climate is tre-

mendously hostile for BIPOC scientists. 

Affinity groups provide solace and 

a loving community, but the burden 

of resistance cannot fall on the most 

marginalized (12). Those with privilege 

must step up on personal, collective, and 

institutional levels. Institutions—includ-

ing private and public universities, 

professional societies, state governments, 

nonprofits, and private foundations—must 

financially support racial affinity groups 

and challenge disinformation about their 

role in STEM. These institutions must 

resist by taking legal action against civil 

liberty violations that result from anti-DEI 

directives. Last, rather than advise BIPOC 

scientists to stay quiet, institutions and 

those in positions of authority should 

provide affinity groups and their members 

with protection and job security. As politi-

cal parties in the US and beyond seek to 

recodify white supremacist philosophies 

(10), STEM leadership must take urgent 

action to protect and support all members 

of our diverse scientific community. 
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AAAS Announces 2025 Award Winners

AAAS has announced the 2025 winners of eight awards that recognize scientists, engineers, innovators, and public servants for their 

contributions to science and society. These recipients’ achievements include spurring undergraduate students to pursue further 

study in the sciences, communicating the serious health risks faced by migrant laborers, and standing in solidarity with Iranian pro-

testors at great personal and professional risk. The winners, who were honored at the 2025 AAAS Annual Meeting, are:

AAAS Philip Hauge Abelson Prize

Mary Woolley, the president and CEO of Research!America, is the 

recipient of the 2025 AAAS Philip Hauge Abelson Prize, which honors 

an individual who has made significant contributions to the advance-

ment of science in the United States through their research, policy 

work, or public service.

Research!America is an alliance of member organizations in the 

medical, health, and scientific fields that are committed to making 

medical and health research a higher national priority. Under Wool-

ley’s 35 years of leadership, the group has grown into a unified and 

respected voice representing hundreds of member organizations, 

and their reports, resources, and education initiatives have earned 

the attention and respect of policy-makers, researchers, media, and 

community leaders.

 AAAS Mani L. Bhaumik Award for Public Engagement 

with Science

Brian Greene, professor and director of Columbia University’s 

Center for Theoretical Physics, is the recipient of the AAAS Mani L. 

Bhaumik Award for Public Engagement with Science, which recog-

nizes scientists and engineers who demonstrate excellence in their 

public engagement with science. Since 2019, it has been endowed 

by quantum physicist Mani L. Bhaumik.

Greene is well known in the scientific world for his groundbreak-

ing co-discovery of mirror symmetry and spatial topology change, 

two key breakthroughs of superstring theory. His 1999 book, The 

Elegant Universe, which brought string theory to broad audi-

ences, was a finalist for the Pulitzer Prize and was adapted into a 

2003 PBS documentary of the same name. His books, which also 

include The Fabric of the Cosmos: Space, Time and the Texture of 

Reality, have sold a total of more than 2 million copies worldwide 

and have spent a combined 65 weeks on the New York Times 

bestseller list.

AAAS Early Career Award for Public Engagement with Science

Barrak Alahmad, a research fellow at the Harvard T.H. Chan School 

of Public Health, is the recipient of the 2025 AAAS Early Career 

Award for Public Engagement with Science. The award recognizes 

early-career scientists and engineers—those who are within 7 years 

of completing their terminal degree—who demonstrate excellence in 

their activities that engage the public with science.

After earning his medical degree and practicing as a doctor in 

his native Kuwait, Alahmad noticed the negative health impacts of 

Kuwait’s hot climate on the country’s population of migrant workers. 

Alahmad pursued research that found that otherwise young and 

healthy individuals–who had minimal access to health care–were 

particularly vulnerable to dust storms and extreme temperatures. 

His multifaceted public engagement work around these impacts has 

communicated his findings to those affected and to the public with 

the goal of building consensus on the issue and changing policy to 

improve outcomes for affected individuals. 

AAAS David and Betty Hamburg Award for Science Diplomacy

Daniel Whittle, Valerie Miller, and Eduardo Boné Morón from the En-

vironmental Defense Fund are the recipients of the AAAS David and 

Betty Hamburg Award for Science Diplomacy. The award recognizes 

an individual or a small group working together in the scientific, 

engineering, or foreign affairs communities making an outstanding 

contribution to furthering science diplomacy.

The work of Whittle, Miller, and Boné Morón has yielded opportu-

nities for connection and dialogue between Cuban and US scientists 

and officials, including many opportunities for officials to interact 

informally years before the US and Cuba normalized diplomatic 

relations. Their work has also produced joint scientific research, 

including dozens of peer-reviewed articles, and seen significant con-

servation of marine and coastal ecosystems and sustainable fisher-

ies, with the Cuban government implementing the region’s most 

ambitious network of marine protected areas, conserving about 25 

percent of coastal waters.

AAAS Award for Scientific Freedom and Responsibility

Encieh Erfani is the recipient of the AAAS Award for Scientific Free-

dom and Responsibility, which honors individuals or organizations 

whose exemplary actions—sometimes taken at significant personal 

cost—have served to foster and protect those ideals.

Erfani was an assistant professor of physics whose research 

focused on cosmology in her native Iran, but following the death of 

activist Mahsa Amini and ensuing peaceful “Woman, Life, Freedom” 

protests, she resigned her faculty position at her Iranian institu-

tion in solidarity with protestors. Erfani, who was abroad in Mexico 

as a visiting researcher at the time, is now in exile as a result. After 

her resignation, she has continued her advocacy by cofounding 

AAAS NEWS & NOTES
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the International Community of Iranian Academics and compiling a 

report containing the latest statistics on students killed, detained, 

and imprisoned in Iran.

AAAS Lifetime Mentor Award

Juan F. Arratia, former director and principal investigator of the 

Model Institutions for Excellence project for the National Science 

Foundation at Universidad Metropolitana in Puerto Rico, is the 

recipient of the AAAS Lifetime Mentor Award. The award honors an 

individual with more than 25 years of experience who has mentored 

significant numbers of underrepresented students.

To achieve the goals of recruiting and increasing the number of 

Hispanic students in STEM fields and increasing STEM major reten-

tion, the multifaceted Model Institutions for Excellence initiative 

at UMET has offered scholarship funding, research opportunities, 

support for students intending to pursue graduate school, an annual 

research symposium, and a precollege program. During Arratia’s 

tenure, the number of Hispanic students enrolled as STEM majors at 

UMET nearly doubled.

AAAS Mentor Award

LaShan Simpson Hendrix, associate professor in the Department of 

Biomedical Engineering at the University of Cincinnati, is the recipi-

ent of the AAAS Mentor Award. The award honors an individual who 

has mentored significant numbers of underrepresented students.

Hendrix earns the award for guiding many of her students to 

become biomedical scientists and engineers. Students who offered 

letters of recommendation for her award praised Hendrix’s warmth 

as a mentor. They noted how she has encouraged her mentees 

to apply for prestigious positions and has demystified the path 

to graduate school and research, teaching many of her mentees 

research skills they still use daily. She has kept in contact with her 

mentees beyond graduation—according to her mentees, Hendrix is 

truly a lifelong mentor. 

AAAS Newcomb Cleveland Prize

A team of researchers has won the AAAS Newcomb Cleveland Prize 

for their work that has identified a new organelle within single-celled 

algae that converts nitrogen gas into ammonia. The AAAS Newcomb 

Cleveland Prize, supported by The Fodor Family Trust, is awarded an-

nually to the author or authors of an outstanding paper published in 

the Research Articles or Reports sections of Science. 

“Nitrogen-fixing organelle in a marine alga” was published in Sci-

ence on 12 April 2024 by researchers representing the University 

of California Santa Cruz, Diamond Light Source, UC San Francisco, 

Lawrence Berkeley National Laboratory, National Taiwan Ocean 

University, and Kochi University. 

The conversion of nitrogen gas into ammonia helps the algae sur-

vive in the nutrient-poor ocean. The cellular structure is derived from 

another microbe that the algae have incorporated. The researchers’ 

discovery fundamentally expands our understanding of cell biology 

by providing insight into the evolution of organelles, a process that 

was pivotal in the evolution of complex life and has likely only oc-

curred a handful of times in biology.
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signal-to-noise ratios inherent 

in imaging with both high spatial 

and millisecond time resolution. 

Stress fields that penetrated 

below the surface of platinum 

nanoparticles supported on 

cerium oxide destabilized the 

nanoparticles and led to a series 

of transitions between ordered 

and disordered configurations. 

—Phil Szuromi

Science p. 949, 10.1126/science.ads2688

CHEMICAL PHYSICS

Methane interference
Interference effects are easily 

seen when light passes through 

closely spaced slits or bounces 

off an etched grating. Quantum 

MOLLUSK GENETICS

The complicated 
molluscan family tree
Genome sequencing has allowed 

for a much greater understand-

ing of how species relate to 

one another than did earlier 

morphology-based approaches. 

A particularly difficult phylum to 

study using genomic data has 

been mollusks, which encompass 

species ranging from squid to 

sea snails, in part due to their 

high levels of heterozygosity 

and repetitiveness. Chen et al. 

sequenced 13 new complete 

genomes from across the phylum 

to assemble a new phylogeny for 

Mollusca. They resolved several 

highly debated nodes and provide 

additional genomes for future 

study of this highly diverse and 

genomically complex phylum. 

—Corinne Simonti

Science p. 1001, 10.1126/science.ads0215

ORGANIC AEROSOLS

Brown absorption
Atmospheric aerosols affect 

climate by either scattering or 

absorbing solar radiation. Li et 

al. found that brown nitrogen, 

the nitrogenous component of 

organic aerosols, dominates their 

solar absorption globally. The 

authors used a model to quantify 

the atmospheric distribution of 

brown nitrogen, calculated how 

chemical aging affects its optical 

properties, and quantified its 

radiative impacts. These results 

will help to improve attribution 

of the climate effects of organic 

aerosols. —Jesse Smith

Science p. 989, 10.1126/science.adr4473

ELECTRON MICROSCOPY

Denoising reveals 
nanoparticle dynamics
Continuous transitions of the 

surfaces of metal nanoparticles 

in a gas environment have been 

revealed with transmission 

electron microscopy. Crozier 

et al. used unsupervised deep 

denoising to overcome the poor 

Simulations reveal that free-floating planetary mass objects can be formed during encounters between two young circumstellar disks.

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

RESEARCH

ASTROPHYSICS

Forming planetary mass objects

T
he origin of free-floating planetary mass objects (PMOs) that are not gravitationally bound to a single star 

or brown dwarf remains enigmatic. A new proposal is that they form through the breakdown of structures of gas 

flowing between two protoplanetary disks due to tidal forces. Fu et al. showed that producing PMOs in this way 

would be highly efficient in some start clusters and less so in others, resulting in variations in the observed 

number of PMOs established in different settings. If correct, this hypothesis implies that free-floating PMOs 

form in a manner distinctive from planets or brown dwarfs. —Kip Hodges   Sci. Adv. (2025) 10.1126/sciadv.adu6058
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mechanics dictates that an analo-

gous type of behavior pertains to 

molecules, not just to light, but 

molecular interference tends to 

be harder to discern. Reilly et al. 

observed that when methane 

molecules scatter off a gold sur-

face, an interference effect clearly 

manifests: Certain final rotational 

states are entirely suppressed 

depending on their reflection 

symmetry relationship to the 

incoming states. —Jake S. Yeston

Science p. 962, 10.1126/science.adu1023

AUTOIMMUNITY

Sequencing at the
scene of the crime
Epstein bar virus (EBV) infec-

tion predisposes individuals 

to multiple sclerosis. Adaptive 

immune responses to EBV occur 

in deep cervical lymph nodes, 

yet the immune landscape in 

patients with multiple sclerosis is 

not well understood. Sarkkinen et 

al. profiled immune cells in such 

patients using fine needle aspira-

tions. Using multiple sequencing 

methods, the authors identified 

an expansion of double-negative 

memory B cells enriched for 

a transcriptional profile that 

resembled a lytic EBV infection. 

Furthermore, fewer germinal 

center B cells and T follicular 

helper cells were detected in 

patients with multiple sclerosis, 

and germinal center clonality was 

reduced. —Hannah Isles

Sci. Immunol. (2025) 

10.1126/sciimmunol.adl3604

ACTINIDE CHEMISTRY

Berkelium sandwich
Elucidating the structure of 

ferrocene, an iron ion sand-

wiched between two carbon 

rings, was foundational to the 

theory and practice of organo-

metallic chemistry. In the ensuing 

decades, numerous analogous 

metal sandwich compounds 

have been prepared and applied. 

Russo et al. now extend the 

motif to berkelium, a radioactive 

element heavier than uranium. 

Their experiments required rapid 

synthesis and characterization on 

a submilligram scale to com-

pensate for the ongoing decay. 

Edited by Corinne Simonti

and Jesse Smith
IN OTHER JOURNALS

ANGIOGENESIS

ADP spurs new blood 
vessel formation
Vascular endothelial growth 

factor (VEGF) promotes the 

survival of cells that line blood 

vessels, which are known as 

endothelial cells (ECs). VEGF 

also contributes to the for-

mation of new blood vessels 

(angiogenesis) in cancers, which 

Spectroscopic and theoretical 

analysis supported covalent 

interactions between the cyclic 

ligands and f orbitals of the metal. 

—Jake S. Yeston

Science p. 974, 10.1126/science.adr3346 

COLLECTIVE MOTION

Not like particles, in fact
Nearly 20 years ago, a study 

of collective motion in locusts 

published in Science concluded 

that animals moving collectively 

do so in a way similar to particles. 

This conclusion has set the 

tone for much thinking about 

such movement in nature. Sayin 

et al., including authors of the 

original study, combined field and 

laboratory studies and found that 

locusts, and likely also other ani-

mals moving collectively, do not 

follow a “self-propelled” particle 

model (see the Perspective by 

Buhl and Simpson). Rather, they 

found that sensory and cognitive 

mechanisms mediate the interac-

tions. —Sacha Vignieri

Science p. 995, 10.1126/science.adq7832;

see also p. 924, 10.1126/science.adw0733

NEUROSCIENCE

Ago2 couples neurons 
and blood vessels
The blood–brain barrier is made 

up of multicellular contacts 

referred to as the neurovascular 

unit (NVU), which mediate the 

exchange of fluid and nutrients in 

the brain. Sona et al. found that 

tight control of the abundance 

of the phosphatase PTEN in 

excitatory neurons is critical to 

the postnatal development of 

the NVU in mice. Mice lack-

ing the mRNA regulator Ago2 

in glutamatergic neurons had 

decreased NVU development 

and defective blood–brain bar-

rier integrity. These effects were 

mediated through the loss of 

Ago2-dependent suppression of 

Pten, leading to decreases in the 

signaling that supports neuronal 

survival and migration. Thus, 

Ago2 in excitatory neurons sup-

ports brain development through 

the formation of the blood–brain 

barrier. —Leslie K. Ferrarelli

Sci. Signal. (2025) 

10.1126/scisignal.adl6745

The genetic impacts 

of population declines in 

giant kelp (Macrocystis 

pyrifera) have implications 

for conservation efforts.

CONSERVATION

Kelp forest management

K
elp forests are integral to aquatic ecosystems, but spe-

cies such as giant kelp and bull kelp have experienced 

population bottlenecks in recent decades. Bemmels et 

al. sequenced more than 600 bull kelp and giant kelp 

individuals to better understand how genetic variation 

has been shaped by these population declines. They found 

that populations of these kelp species were highly structured, 

with some gene flow between adjacent populations. Although 

there were not as many predicted deleterious variants as 

they expected, their loss was likely due to genetic drift rather 

than purging. Overall, this genetic characterization offers 

insight into the effectiveness of management strategies such 

as outcrossing between small populations. —Corinne Simonti

Curr. Biol. (2025) 10.1016/j.cub.2024.12.025
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provide nutrients to help tumors 

survive. Drugs inhibiting VEGF 

can improve patient survival, 

but tumors frequently relapse. 

Biswas et al. searched for small 

molecules that could modulate 

EC growth independently of 

VEGF and identified adenosine 

diphosphate (ADP). Biochemical 

analysis and single-cell tran-

scriptomics revealed that 

ADP mediated effects through 

the platelet receptor P2Y1. 

Furthermore, ADP administra-

tion enhanced angiogenesis in 

a laser-induced mouse model 

of choroidal neovascularization. 

The ADP-P2Y1 axis may provide 

insights into mechanisms aiding 

escape from anti-VEGF therapy. 

—Priscilla N. Kelly

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

10.1073/pnas.2418752122

POLLUTION

Leaden legacy of
Roman plumbing
What did the Romans ever do 

for us? They invented “mod 

cons” such as central heating, 

hot baths, and cookware, all of 

which required readily mal-

leable lead. Analysis of Arctic ice 

cores and aerosol modeling by 

McConnell et al. have added to 

existing evidence that Roman 

industrial activities resulted in 

widespread lead pollution. Lead 

is toxic at any level, especially for 

children, and exposure is linked 

to negative outcomes such as 

cognitive and immune defects. 

The authors speculate that the 

effects of lead pollution, espe-

cially emanating from the Rio 

Tinto mineral area in Spain, may 

have exacerbated the impact of 

the Antonine plague that devas-

tated the Roman Empire from 

165 to 180 CE. —Caroline Ash

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

10.1073/pnas.2419630121

NEUROSCIENCE

Spatiotemporal dynamics 
in the fly brain
Neuropeptides and neurotrans-

mitters work in concert to 

modulate neuronal activity, 

ultimately determining behavior. 

In Drosophila, the neuromodu-

lator short neuropeptide F 

(sNPF) and the neurotransmit-

ter acetylcholine (ACh) have 

been shown to be important 

for learning and memory. To 

investigate their spatiotemporal 

dynamics, Xia and Li developed 

a high-performance sensor 

for detecting sNPF in vivo in 

Drosophila. By expressing the 

new sensor together with an 

ACh sensor, the authors elu-

cidated the dynamics of sNPF 

and ACh and the molecular 

mechanism mediating their 

release. The new tool provided 

valuable insights into the 

mechanisms mediating the 

spatiotemporal differences 

between neurotransmitter 

and neuromodulator release. 

—Mattia Maroso

Nat. Commun. (2025) 

10.1038/s41467-025-56129-w

PHYSICS

Thinning bismuth
Elemental bismuth exhibits exotic 

properties such as superconduc-

tivity and nontrivial topological 

states. Past investigations have 

largely focused on bulk bismuth. 

Yu et al. used a recently devel-

oped variant of the mechanical 

exfoliation technique to make 

thin bismuth devices. The 

researchers performed system-

atic transport measurements in 

a large range of magnetic fields 

and temperatures. They found a 

nearly temperature-independent 

anomalous Hall resistance, 

consistent with an intrinsic origin 

associated with a nonzero Berry 

curvature. —Jelena Stajic

Phys. Rev. Lett. (2025) 

10.1103/PhysRevLett.134.066603

POLITICAL SCIENCE

Differing perceptions of 
Latinos as “Americans”
To understand intergroup 

relations and their political 

implications, we must consider 

how people define groups. Using 

a conjoint survey experiment, 

Ocampo-Roland varied written 

and visual characteristics of 

hypothetical people to assess 

what factors influence white and 

Black Americans to consider 

members of the heteroge-

neous Latino population to be 

American. Across respondents, 

Latinos born in the US were con-

sidered less American if they had 

undocumented parents. Black 

Americans’ responses, which 

were more open to undocu-

mented immigrants, aligned with 

an economics-focused view. 

White Americans’ views sug-

gested more focus on cultural 

identity. —Brad Wible

Am. Polit. Sci. Rev. (2025)

 10.1017/S000305542400131X

ARCTIC LAKES

Blue and brown states

W
armer temperatures and abundant 

rainfall have changed the color 

of lakes in West Greenland from 

“blue” to “brown.” West Greenland 

normally is cold and dry, but in 

2023 and 2024, a string of atmospheric 

rivers inundated the region, subjecting it to 

record heat and rainfall. Saros et al. found 

that this combination drove an unprec-

edented state change in lakes there from 

“blue” to “brown,” altering their physical, 

chemical, and biological features. These 

changes flipped the lakes from being car-

bon sinks to carbon sources. Compound 

events such as these have great potential 

to suddenly upend ecosystems of all types 

in a warming world. —Jesse Smith

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

10.1073/pnas.2413855122

Compound climate 

extremes are transforming 

the characteristics of some 

West Greenland lakes.

P
H

O
T

O
: 

J
. 

S
A

R
O

S
 E

T
 A

L
.



REVIEW SUMMARY
◥

CATALYSIS

Hydrogenation of CO2 for sustainable fuel and
chemical production
Jingyun Ye, Nikolaos Dimitratos, Liane M. Rossi, Nils Thonemann, Andrew M. Beale, Robert Wojcieszak*

BACKGROUND: Carbon dioxide (CO2) has be-

come synonymous with climate change. Act-

ing like a blanket in the atmosphere, it traps

heat, causing a rise in global temperatures. This

warming disrupts weather patterns, melts

glaciers, and raises sea levels, posing a substan-

tial threat to the planet. The primary culprit?

The burning of fossil fuels such as coal, oil, and

natural gas, which releases massive quantities

of CO2 into the air. But what if CO2 was not

just waste? Innovative technologies are emerg-

ing that aim to transform CO2 into a valuable

resource. These technologies focus on utilizing

captured CO2 as a feedstock for producing

cleaner fuels and chemicals. One promising

approach involves creating “green methanol.”

By combining captured CO2 with hydrogen,

methanol, a versatile fuel and chemical build-

ing block, can be synthesized.Methanol’s story

stretches back thousands of years, when the

ancient Egyptians used it for embalming. A

breakthrough in methanol synthesis arrived

in the 1920s with the development of a zinc

chromite catalyst. This paved the way for the

introduction of Cu/Zn/Al2O3 (CZA), a game-

changing catalyst, in the 1940s, which became

the industry standard. However, CZA catalysts

have a drawback—they favor the reverse water-

gas shift (RWGS) reaction over direct CO2 con-

version tomethanol. This reduces the efficiency

of CO2 utilization in the process. In addition, a

large contributor to catalyst deactivation is sin-

tering, where the catalyst particles clump to-

gether, reducing their active surface area and

hindering performance. Interestingly, a link

between high activity and faster deactivation

exist—catalysts with the highest initial activity

(often containing the most copper) also deacti-

vatemost rapidly. TheCZA life span ranges from

2 to 8 years, with a gradual decline in activity.

ADVANCES: Scientists are hunting for the most

effective catalysts to convert CO2 into useful

fuels (methanol, or CH3OH). Recently, indium

oxide–based catalysts (In2O3) have garnered

considerable interest. In research articles pub-

lished between 2020 and 2024, most of the

studied catalysts (85 out of 96) achieved selec-

tivity to methanol above 50%. Most methanol

catalysts work best at lower temperatures (be-

low 300°C) andhigher pressures (above 3MPa),

whereas most hydrocarbon catalysts perform

better at higher temperatures (above 300°C)

and lower pressures (below 3 MPa). A positive

development is that reported methanol yields

are still increasing. The present champion is a

Cu/ZnO/MnO/KIT-6 catalyst, which operates

at a moderate temperature (180°C) and effi-

ciently converts CO2 while producing a high

yield of methanol. However, the fight against

climate change goes beyond optimizing meth-

anol production—it is about creating a sus-

tainable future for all. CO2 hydrogenation seems

promising for reducing greenhouse gas emis-

sions compared with traditional production

methods, especially when powered by renew-

able energy sources such as wind power. How-

ever, it is not a simple picture. Trade-offs exist

between different environmental impacts. For

example, the source of the CO2 and the specific

conversion technology used can markedly af-

fect the overall environmental footprint. CO2

hydrogenation offers a clean-fuel solution

(e-fuels) for hard-to-electrify sectors such as

aviation and shipping. However, sustainability

requires efficient water management and heat

integration. Moreover, when considering the

environmental impacts of the hydrogenation

technologies, the major benefit in the “inde-

pendence” of crude-oil carbon sources is its

potential to substantially reduce greenhouse

gas emissions.

OUTLOOK: Present catalysts such as CZA have

limitations, including short life spans and re-

liance on critical elements. Research efforts

should focus on designing new catalysts that

promote direct CO2 conversion to methanol

while minimizing the RWGS reaction. Strat-

egies to mitigate sintering and extend catalyst

life span are crucial. This might involve ex-

ploring different catalyst supports or incorpo-

rating stabilizing elements into the catalyst

structure. Understanding the relationship be-

tween activity, copper content, and deactiva-

tion is essential for developing catalysts that

offer a balance between high initial perform-

ance and long-term stability. Alternatives such

as Pd-In catalysts are presently being researched,

but costs are a concern. Despite remaining chal-

lenges, advancements in catalyst design and

characterization techniques are paving the way

for a cleaner future fueled by CO2 hydrogena-

tion. Although CO2 hydrogenation is attrac-

tive as ameans of utilizing a readily available

carbon source, its climate mitigation poten-

tial is less clear-cut. Net negativity can only be

achieved when CO2 comes from direct air cap-

ture, and considering all background emis-

sions, net negativitymight be difficult to achieve.

However, for sectors that are hard to make

sustainable, such as aviation, use of CO2might

be an optimal option.▪
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Reaction pathways in CO2 thermal conversion. Several routes for CO2 hydrogenation are possible

depending on the nature of the catalyst. Methanol can be produced directly from CO2 using, for example,

CZA and indirectly, by passing through the RWGS reaction favored by the presence of non-noble

metals such as Ni and Fe or metal carbides.
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Liver ALKBH5 regulates glucose and lipid homeostasis
independently through GCGR and mTORC1 signaling
Kaixin Ding†, Zhipeng Zhang†, Zhengbin Han†, Lei Shi, Xinzhi Li, Yutong Liu, Zhenzhi Li,

Chongchong Zhao, Yifeng Cui, Liying Zhou, Bolin Xu, Wenjing Zhou, Yikui Zhao, Zhiqiang Wang,

He Huang, Liwei Xie, Xiao-wei Chen, Zheng Chen*

INTRODUCTION: The liver plays central roles in

glucose and lipid homeostasis, which are es-

sential formetabolic health. Disruptions in the

liver’s regulatory pathways lead to variousmeta-

bolic disorders such as hyperglycemia, hyper-

lipidemia, andmetabolic dysfunction–associated

fatty liver disease (MAFLD), often associatedwith

obesity and type 2 diabetes mellitus (T2DM).

However, the molecular mechanisms underly-

ing coordinated regulation of hepatic glucose

and lipid homeostasis remain largely unknown.

RATIONALE: RNA-binding proteins (RBPs) are

a diverse group of proteins that interact with

both double- and single-strandedRNA in cells,

playing crucial roles in various RNA process-

ing activities, including RNA capping, polyad-

enylation, modification, splicing, stabilization,

localization, and translation. Some RBPs are

vital for sustaining life processes. Growing evi-

dence indicates that certain RBPs regulate glu-

cose or lipid homeostasis in response tometabolic

signals and stimuli, and their dysregulation con-

tributes to the development of metabolic dis-

eases.However, it remains unclearwhetherRBPs

integratively regulate glucose and lipid homeo-

stasis.We hypothesized that specificmetabolism-

related RBPs may coordinately regulate hepatic

glucose and lipid homeostasis.

RESULTS: Alkylation repair homolog protein 5

(ALKBH5) has been identified as ametabolism-

related RBP through comprehensive quantita-

tive proteomic andphosphoproteomic analyses.

ALKBH5 is up-regulated in the liver during

obesity. It undergoes phosphorylation at Ser
362

by protein kinase A, which results in its trans-

location from the nucleus to the cytosol. Mice

withhepatocyte-specificAlkbh5knockout (HKO)

or the S362A pointmutation exhibit lower blood

glucose levels and are protected against high-fat

diet (HFD)–induced hyperglycemia and glucose

intolerance by inhibiting glucagon receptor

(GCGR) signaling. Hepatocyte-specific deletion of

Alkbh5 alsomitigates HFD-inducedMAFLD and

hyperlipidemia by suppressing epidermal growth

factor receptor (EGFR)–phosphatidylinositol

3-kinase (PI3K)–AKT–mammalian target of ra-

pamycin complex 1 (mTORC1) signaling. Resto-

ration ofGCGRexpression inAlkbh5-HKO livers

negates the improvements in glucose homeosta-

sis, but does not affect lipid-related phenotypes.

Similarly, restoring EGFR expression in Alkbh5-

HKO livers counteracts the suppression of EGFR-

PI3K-AKT-mTORC1 signaling, leading to increased

liver triglycerides (TAG), serum TAG, total cho-

lesterol (TC) levels, and serum ALT activity,

without affecting glucose-related phenotypes.

Mechanistically, ALKBH5 regulates GCGR sig-

naling through its demethylase activity while

also enhancing EGFR-PI3K-AKT-mTORC1 sig-

naling independently of this activity by directly

interacting with the intronic enhancer of Egfr

to increase its expression. Two specific loops of

ALKBH5, Gln
145
-Gly

152
and Cys

231
-Glu

242
, are crit-

ical for this interaction, promoting EGFR-PI3K-

mTORC1–drivenMAFLDand hyperlipidemia by

up-regulatingEgfr transcription.However, these

loops are not required for glucose homeostasis

in Alkbh5-HKO mice. Therapeutically, targeted

knockdown of hepatic Alkbh5 using either

GalNAc-siAlkbh5orAAV-shAlkbh5 reversesT2DM

andMAFLD in thedb/dbdiabeticmousemodel,

highlighting its therapeutic potential.

CONCLUSION: This study demonstrates that

ALKBH5 is up-regulated during obesity and

regulates glucose and lipid homeostasis through

distinct pathways. Hepatocyte-specific deletion

of Alkbh5 improves glucose tolerance andmiti-

gates MAFLD in obesity by inhibiting GCGR–

cyclic adenosine monophosphate (cAMP) and

EGFR-PI3K-AKT-mTORC1 signaling. Although

the demethylase activity of ALKBH5 is essential

for glucose homeostasis, its interaction with

the Egfr enhancer enhances lipogenesis inde-

pendently of its demethylase activity. Targeted

knockdown of Alkbh5 reverses T2DM and

MAFLD in diabetic mice, underscoring its

therapeutic potential.▪
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Hepatic ALKBH5 regulates glucose and lipid homeostasis. ALKBH5 regulates glucose homeostasis through

GCGR signaling in a process dependent on its demethylase activity and Ser362 phosphorylation. By contrast,

it modulates lipid homeostasis through EGFR-mTORC1 signaling independently of its demethylase activity using its

two structural loops. Hepatocyte-specific deletion of Alkbh5 improves glucose tolerance and alleviates MAFLD

in obesity by independently inhibiting GCGR and EGFR-mTORC1 signaling through distinct mechanisms. [Figure

created with BioRender.com]
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MULTIPLE SCLEROSIS

4D marmoset brain map reveals MRI and molecular
signatures for onset of multiple sclerosis–like lesions
Jing-Ping Lin*, Alexis Brake, Maxime Donadieu, Amanda Lee, Ginger Smith, Kevin Hu,

Govind Nair, Riki Kawaguchi, Pascal Sati, Daniel H. Geschwind, Steven Jacobson,

Dorothy P. Schafer, Daniel S. Reich*

INTRODUCTION: Multiple sclerosis (MS) is a

complex disease characterized by focal inflam-

mation, myelin loss in the central nervous sys-

tem, and eventual neurodegeneration. The precise

cause of MS remains unclear, but the disease in-

volves an inappropriate immune response and

subsequent failure to repair myelin. Although

MS therapies have been effective in controlling

peripheral inflammation, understanding the cel-

lular dynamics of lesion progression during early

phases is crucial for developing treatments that

promote timely remyelination and repair.

RATIONALE: Current understanding ofMS path-

ology is largely derived from postmortem hu-

man tissue studies or rare brain biopsies, which

capture disease at a single, often late, time point.

To address this limitation, we used a clinically

relevant model, the common marmoset (Cal-

lithrix jacchus) with experimental autoimmune

encephalomyelitis (EAE), to study MS-like le-

sions. This model closely mimics MS lesion

development and evolution, offering insights

that are transferable to the clinical setting. Al-

though structural magnetic resonance imaging

(MRI) is noninvasive and effective for moni-

toring lesion changes, it lacks the specificity

required to reveal the cellular and molecular

diversity within lesions. Therefore, we inte-

grated longitudinal MRI, histopathology, spa-

tial transcriptomics, and single-nucleus RNA

profiling to examine the signaling profiles in-

volved in lesion development and resolution.

RESULTS: We identified five microenvironment

(ME) groups—related to neural function, im-

mune and glial responses, tissue destruction

and repair, and regulatory networks at brain

borders—that emerged during lesion evolution.

Before visible demyelination, astrocytic and

ependymal secretory signals marked perivas-

cular and periventricular regions, which later

became demyelination hotspots.We identified

an MRI biomarker, the ratio of proton density–

weighted signal to T1 relaxation time, which was

sensitive to the hypercellularity phase preced-

ing myelin destruction. At lesion onset, we ob-

served a global shift in cellular connectivity,

particularly in extracellular matrix–mediated

signaling. Early responses involved the prolif-

eration and diversification of microglia and

oligodendrocyte precursor cells (OPC). As le-

sions developed, EAE-associated glia were re-

placed by monocyte derivatives at the lesion

center, with persistent lymphocytes seen in

aged lesions. Concurrently with demyelination,

reparative signaling modules appeared at the

lesion edge as early as 10 days after lesion estab-

lishment. We also noted an overrepresentation

of genes involved in the senescence-associated

secretory phenotype (SASP) at the brain borders

and the formation of concentric glial barriers at

the lesion edge, promptingperturbationanalysis

to contextualize EAE-associated changes and

identify potential therapeutics to protect tis-

sue and enhance repair.

CONCLUSION:We identified a SERPINE1
+
astro-

cytic subtype, acting as a secretory hub at the

perivascular and periventricular zones, which

underlies the onset of lesions in both marmoset

EAE andMS. Our work offers a spatiotemporally

resolved molecular map as a resource to benefit

MS research and to guide identification of can-

didates for therapeutic intervention.▪
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Dynamics of cells and

microenvironments

in perivascular and peri-

ventricular zones. MS-like

lesions form and expand

near central veins and

ventricles, enriched with

SASP markers. Molecular and

MRI biomarkers spatiotem-

porally define lesion stages.

As lesions evolve, EAE-related

(astrocyteEAE, oligodendro-

cyteEAE, OPCEAE, microgliaEAE,

ependymaEAE, and VEEAE),

proliferative (leukocyteCyc,

microgliaCyc, and OPCCyc),

and myelin-repairing

(OPCdifferentiation) cells domi-

nate specific lesion zones,

with SERPINE1+ astrocyteEAE
acting as a signaling hub

at lesion edges during micro-

environment transitions. Cyc,

cycling; CSF, cerebrospinal

fluid; DC, dendritic cell.
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CASTER: Direct species tree inference from
whole-genome alignments
Chao Zhang, Rasmus Nielsen, Siavash Mirarab*

INTRODUCTION: With the rapid availability of

new genomes, phylogenetics has gained an

opportunity to infer not only more accurate

species-level relationships (species trees) but

also the heterogeneity of evolution across the

genome (gene trees). However, availablemethods

are lacking. The dominant approach, concatenat-

ing all genomic loci, fails to account for discor-

dance across the genome, leading to statistical

bias. An alternative widely used approach infers

gene trees from individual loci and then com-

bines them. However, this two-step approach

struggles with defining loci that are both short

enough to avoid recombination and long enough

to prevent high error rates per tree. Bayesian

methods that coinfer gene trees and species trees

exist but are not scalable. Another promising

approach has been inferring the tree from all

siteswhile accounting for discordance, but these

site-basedmethods have shown limited scalabil-

ity and accuracy. As a result of these limitations,

genome-wide analyses are forced to sample loci

instead of using the entire genome as input.

RATIONALE: We developed a site-based meth-

od called Coalescence-Aware Alignment-Based

SpeciesTreeEstimator (CASTER) to enable truly

genome-wide phylogenomic analyses. CASTER

is based on the idea that each site in the align-

ment can “vote” for or against each tree topology

for four species (a quartet), with the tree receiv-

ing the maximum total vote across sites and

quartetswinning. CASTERhas four key features:

(i) It provides theoretical statistical guarantees

under the multispecies coalescent model of in-

complete lineage sorting, coupled with several

sequence evolution models, without requiring

costly likelihood calculations. (ii) It is extremely

scalable (linear in thenumber of sites and roughly

quadratic in the number of species), allowing

for the analysis of entire mammalian genomes

(1.8 billion sites) across 241 species in 30 hours

using 512 GB of memory. (iii) It eliminates the

need for arbitrary locus delineation. (iv) It pro-

duces a score for each genomic position that,

when summarized across windows, reveals

changes in evolutionary histories across the

genome. CASTER canhandle simpler nucleotide

models by using patterns of sites (CASTER-site)

or more complex models by using pairs of sites

(CASTER-pair).

RESULTS: Comparing CASTER to several alter-

native methods representing the current best

approaches, we demonstrated through simula-

tions that CASTER outperforms these methods

in terms of scalability and is the most accurate

under most conditions tested. Our simulations

included a range of realistic biological processes,

including recombination, which is oftenmissing

from previous studies, and incomplete lineage

sorting. CASTER-site and CASTER-pair handled

2billion and500million sites, respectively, given

only 64 cores, 256 GB ofmemory, and up to two

days of running time. CASTER scores correlate

well with the amount of gene tree discordance,

and its estimates of statistical uncertainty are

accurate. On mammalian and avian genome-

wide datasets, we demonstrate that CASTER

can analyze the entirety of the data, generate

accurate trees, and produce scores that reveal

heterogeneities across the genome. Deviations

in CASTER scores from our expectations in-

dicated errors in input alignments, instances

of rapid radiation among species, and cases

where evolution appears reticulate.

CONCLUSION: CASTER enables phylogenetic

analyses that include all the sites in a genome,

modeling the heterogeneity of rates and to-

pologies across the genome. It requires no

demarcation of loci and provides interpret-

able outputs that help biologists understand

not only the species relationships but also

the mosaic of evolutionary histories across

the genome.▪
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GLACIAL CYCLES

Distinct roles for precession, obliquity, and
eccentricity in Pleistocene 100-kyr glacial cycles
Stephen Barker*, Lorraine E. Lisiecki, Gregor Knorr, Sophie Nuber, Polychronis C. Tzedakis

INTRODUCTION: Milankovitch theory suggests

that the waxing and waning of enormous con-

tinental ice sheets across the Northern Hemi-

sphere results from slight changes in axial tilt

and the geometry of Earth’s orbit around the

Sun, which influence the seasonal and geo-

graphical distribution of incoming sunlight.

Changes in the tilt of Earth’s rotational axis

with respect to the orbital plane (obliquity)

cause variations in seasonality, with a period

of ~41 thousand years (kyr), and strongly affect

the total (integrated) summer energy received

at high latitudes. Precession of the rotational

axis (and of the orbit itself) causes variations

in the timing of the solstice with respect to the

Earth-Sun distance, with a period of ~21 kyr.

Precession has most influence over peak sum-

mer intensity across mid- to high latitudes. The

shape of Earth’s orbit (eccentricity) also varies

frommore to less circular,withaperiodof~100kyr

(and ~400 kyr). Eccentricity has most influence

on the amplitude of precession.

RATIONALE: Milankovitch developed his theory

in the early 20th century, but it remained un-

proven until Hays, Imbrie, and Shackleton pre-

sented the first robust geological evidence to

support it in 1976. Identification of the char-

acteristic periods of precession and obliquity

within a range of paleoclimate records confirmed

that both parameters must play some part in

the pacing of Pleistocene glacial cycles, but

their precise roles remained obscure.Moreover,

observation of a strong ~100-kyr periodicity

was difficult to reconcile with the very weak

direct influence of eccentricity. Since then,

there have beenmany attempts to differentiate

between the relative importance of precession

versus obliquity, especially in the process of

glacial termination (deglaciation). The biggest

obstacle facing such an exercise is the difficulty

in producing absolute ages for paleorecords

with sufficient precision to differentiate be-

tween the direct influence of either parameter.

We took an alternative approach that circum-

vents the need for such precision; we looked at

the morphology of deglaciation-inception and

compared that with orbital phasing.

RESULTS: We found a strong correlation be-

tween deglacial duration and the phasing of

precession versus obliquity during termina-

tion, with the onset of deglaciation most likely

driven by peak summer intensification (i.e.,

precession) in combination with rising obliq-

uity, whereas obliquity alone is responsible

for glacial inception. Our results can be ex-

plained by variations in the average latitude

of northern ice sheets, with inception occur-

ring at high latitudes under the influence of

obliquity, and deglaciation reflecting the dual

effects of precession and obliquity across fully

extended glacial ice sheets. A protracted de-

glaciation occurs when the responsible change

in precession starts early with respect to the

phase of obliquity, effectively delaying the

northward retreat of ice sheets toward their

interglacial state. Finally, we found that the

precession peaks leading to termination (which

always coincide with increasing obliquity)

follow directly after minima in eccentricity.

This is consistent with suggestions that de-

creasing eccentricity can enable the growth

of large ice sheets by reducing the amplitude

of precession.

CONCLUSION: Our results suggest that ~100-kyr

glacial cycles of the mid- to late Pleistocene are

largely deterministic, allowing us to predict

the occurrence and duration of all deglacial

and interglacial periods over the past 900 kyr

on the basis of orbital phasing alone. This

permits us to make first-order estimates about

the natural future of Earth’s climate in the

hypothetical absence of CO2 forcing resulting

from human activities.▪
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PLANT PATHOLOGY

A widespread plant defense compound disarms
bacterial type III injectisome assembly
Pei Miao†, Haijun Wang†, Wei Wang†, Zhengdong Wang, Han Ke, Hangyuan Cheng, Jinjing Ni,

Jingnan Liang, Yu-Feng Yao, Jizong Wang, Jian-Min Zhou*, Xiaoguang Lei*

INTRODUCTION: Plants employ immune recep-

tors to perceive pathogen-associated molecular

patterns (PAMPs) to trigger immune signaling.

How plants impede pathogen progression fol-

lowing successful signal transduction, how-

ever, has remained largely elusive. Plants produce

diverse secondary metabolites, called phyto-

alexins, in response to pathogen infections. Var-

ious phytoalexins show strong lineage specificity

and are believed to act uponmicrobes by growth

inhibition or toxicity. Whether any phytoalexins

protect plants by targeting specialized viru-

lencemachinery of pathogens has not beenwell

studied. For instance, numerous gram-negative

bacterial pathogens employ the type III secre-

tion system (T3SS), a multiprotein injectisome,

to deliver virulence proteins into animal and

plant host cells for pathogenesis. Immune-

activated plants are known to possess activ-

ity that inhibits the bacterial T3SS, although

the nature of this activity and underlying

mechanism remain unknown. This immune-

induced anti-T3SS activity serves as a model

to investigate potential antivirulence phyto-

alexins in plants.

RATIONALE: We hypothesized that immune-

activated plants accumulate metabolite(s)

that inhibit bacterial T3SS. Such knowledge

will not only add a new dimension to our un-

derstanding of the plant immune system

but also shed light on the future development

of biopesticides. We set out to identify plant

metabolite(s) that could inhibit bacterial T3SS

in vitro, determine the biological importance of

such metabolite(s), and elucidate the mech-

anism underlying T3SS inhibition.

RESULTS:We found that crude extracts ofAra-

bidopsis leaves inhibit Pseudomonas syringae

effectors secretion throughT3SS.Activity-guided

purification identified erucamide as a broad-

spectrum inhibitor against T3SS secretion of

diverse bacterial pathogens of plants and ani-

mals. We found that erucamide is a lineage-

nonspecific phytoalexin of both dicot and

monocot plant species, induced by PAMPs

and suppressed by virulent P. syringaeDC3000.

At physiological concentrations equivalent to

those determined in immune-activated Arabi-

dopsis plants, exogenously applied erucamide

strongly protected plants against DC3000. Path-

way analysis indicated that 3-ketoacyl-CoA

synthases (KCSs) are required for erucamide

synthesis and fatty acid amide hydroxylase

(FAAH) could degrade erucamide in Arabi-

dopsis. Arabidopsis kcs mutants and FAAH-OE

lineswere significantly impaired in the immune-

induced accumulation of erucamide, and these

plants were severely compromised in antibac-

terial immunity normally induced by PAMPs.

Exogenous application of erucamide to these

plants restored their antibacterial immunity.

Conversely, faah mutants accumulated more

erucamide and exhibited significantly enhanced

antibacterial immunity. Profiling of P. syringae

proteins identified HrcC, an outer membrane

ring structure protein that is essential for in-

jectisome assembly, as a target of erucamide.

AlphaFold prediction, molecular docking, mo-

lecular dynamics simulation, and site-directed

mutagenesis identified an erucamide-binding

pocket composed of five amino acid residues

highly conserved in the HrcC of diverse bac-

terial species. We additionally identified a

mutation in HrcC that abolished erucamide

binding and rendered the bacterium insensi-

tive to erucamide, regarding T3SS secretion and

virulence on plants with varying levels of eru-

camide accumulation. Furthermore, structure-

activity analyses of erucamideanalogues showed

that the amide group, position of the double

bond, and alkyl chain length play crucial roles

in the T3SS-inhibitory activity. Unlike eru-

camide, analogues that do not inhibit T3SS

neither bind HrcC nor protect plants from

virulent bacteria.

CONCLUSION: We identify erucamide as an an-

cient, broad-spectrum, antivirulence phytoalexin

that selectively disarms the T3SS injectisome

of diverse bacterial pathogens. Our results sug-

gest that erucamide binds a pocket composed

of invariant residues essential for injectisome

function. The elucidation of enzymes involved

in the biosynthesis and degradation of erucamide

may help engineer crop plants with increased

immunity against various bacterial pathogens.

The information about the structure-activity

relationship of erucamide analogues may shed

light on the future development of eco-friendly

antibacterial pesticides. Our work addition-

ally uncovers a contest between erucamide

accumulation in Arabidopsis and effector

secretion by P. syringae. Although success-

ful induction of erucamide can prevent bac-

terial T3SS secretion, the rapid secretion of

bacterial effectors can dampen erucamide

accumulation in plants. The speed of these

two processes may be crucial for the disease

resistance/susceptibility outcomes of plant-

bacterial interactions.▪
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ELECTRON MICROSCOPY

Visualizing nanoparticle surface dynamics and
instabilities enabled by deep denoising
Peter A. Crozier1*, Matan Leibovich2, Piyush Haluai1, Mai Tan1, Andrew M. Thomas3, Joshua Vincent1,

Sreyas Mohan4, Adria Marcos Morales4, Shreyas A. Kulkarni4, David S. Matteson5,

Yifan Wang1, Carlos Fernandez-Granda2,4*

Materials functionalities may be associated with atomic-level structural dynamics occurring on the

millisecond timescale. However, the capability of electron microscopy to image structures with high

spatial resolution and millisecond temporal resolution is often limited by poor signal-to-noise ratios.

With an unsupervised deep denoising framework, we observed metal nanoparticle surfaces (platinum

nanoparticles on cerium oxide) in a gas environment with time resolutions down to 10 milliseconds

at a moderate electron dose. On this timescale, many nanoparticle surfaces continuously transition between

ordered and disordered configurations. Stress fields can penetrate below the surface, leading to defect

formation and destabilization, thus making the nanoparticle fluxional. Combining this unsupervised

denoiser with in situ electron microscopy greatly improves spatiotemporal characterization, opening a new

window for the exploration of atomic-level structural dynamics in materials.

N
anoparticle surface structural dynamics,

sometimes referred to as fluxionality,

may play an important role in regulating

functionalities such as diffusion, reac-

tivity, and catalysis, but the atomic-level

processes are not well understood (1). The

importance of atomic-level structural dynam-

ics is well established for protein functionality

but has been less discussed in materials (2).

Recent works have shown that surface flux-

ionality may be directly correlated with cat-

alytic functionality (3, 4). For example, fluxional

effects at the atomic level were found to be

correlated with CO oxidation activity in a Pt

on a CeO2 catalyst, but the spatiotemporal de-

tails were obscured by poor signal-to-noise

ratios (SNRs) (3). Atom dynamics consist of

different types of motions ranging from very

fast vibrations to slower migrations. If we

could locally characterize atommigration (which

depends on temperature) onmillisecond time-

scales, this would deepen our understanding

of functionalities. For example, in heteroge-

neous catalysis, reaction rates per active site

are typically in the range of 1 to 100/s andmay

be associatedwith the formation of short-lived

metastable surface structures that exist on the

tens of milliseconds timescale. However, atomic

resolution characterization of nanoparticle sur-

face dynamics is challenging because it requires

both high spatial and temporal resolution.

Ultrafast transmission electron microscopy

(TEM) can achieve picosecond temporal reso-

lution but is limited to nanometer spatial re-

solution (5–7). Fortunately, the high readout

rates of new electron detectors could allow

conventional TEM to visualize atomic struc-

tures on a millisecond timescale. Unfortunately,

the need to reduce electron beam damage to

the sample makes it necessary to limit the

electron dose rates, yielding millisecond im-

ages that are dominated by noise, which ob-

scures the structural details. Here, we show

that a newly developed unsupervised denois-

ing framework based on deep learning enables

observations of metal nanoparticle surfaces

in a gas environment with time resolutions

down to 10 ms at a moderate electron dose.

On this timescale, we find that many nano-

particle surfaces continuously transition be-

tween ordered and disordered configurations.

The associated stress fields can penetrate be-

low the surface, which leads to defect forma-

tion and destabilization and makes the entire

nanoparticle fluxional.

The concept of fluxionality, in which a sys-

tem rapidly moves through different isomers,

was first discussed for organometallic mole-

cules in the 1950s, as summarized by Cotton

(8). In the early days of nanoscience, there was

interest in fluxional behavior of nanoparticles

due in part to observations performed on the

newly developed atomic-resolution electron

microscopes (9). However, older, less-sensitive

electron detector technology limited temporal

resolutions to ~100 ms and required large

electron dose rates (>10
4
e Å

2
s
−1
). The desire

to understand structure and functionality in

catalytic nanoparticles has driven the con-

tinued development of gas and liquid cell

TEM (10–13). However, to limit beam damage,

the timescale for much of the reported atomic

structural dynamics is often minutes (14, 15).

Recently, time resolutions on the order of

10 ms have been reported, but they used high

electron dose rates (≥10
4
e
−

Å
−2

s
−1
) (16, 17).

Here, we used the power of machine learning

to reduce the electron dose rate by at least

an order of magnitude (~10
3
e
−

Å
−2

s
−1
) while

achieving temporal resolutions of ~10 ms and

spatial resolutions of 1 Å. This enabled us to

explore the challenging issue of surface dy-

namics in metal particles.

To address the image noise challenge, we

propose a denoising framework based on arti-

ficial intelligence (AI), which enables the re-

covery of atomic-resolution information from

noisy images. AI models based on neural net-

works have achieved impressive results for na-

tural images but often require training datasets

with ground-truth clean images (18, 19). Sim-

ulating such datasets is challenging; in fact,

it is often impossible when the goal of denois-

ing is scientific discovery. We propose a fully

unsupervised framework to train and evaluate

AI-powered denoising models using exclusive-

ly real noisy data (20). The framework enabled

recovery of atomic-resolution information from

TEM data, improving the SNR by a factor of

almost 40 at a spatial resolution of 1 Å and time

resolution near 10 ms. This enhanced time re-

solution revealed that supposedly stable, low-

energy nanoparticle surfaces can display highly

active atom dynamics, triggering instabilities

that result in rapid structural fluctuations. The

spatiotemporal capability enabled by the pro-

posed AI framework substantially enhances

our ability to explore surface dynamics and the

evolution of metastable states in nanoparticles

at the atomic level, offering insights into their

evolving structures.

Data collection and noise processing

For this investigation, we explored the struc-

tural dynamics of Pt particles supported on

CeO2 in a CO environment at room temper-

ature. CO interacts strongly with Pt surfaces,

with a binding energy of ~1.5 eV and a mi-

gration energy of ~0.02 eV (21, 22). The CO

surface coverage exceeds 50% even at the mod-

est pressures of 10
−4

to 10
−2

Torr used in the

current experiment (23). To investigate the dy-

namics,we recordedmovies fromaPt/CeO2 sam-

ple with an electron dose rate of 2000 e
–
Å
−2

s
−1

and a readout rate of 75 frames/s (see movies

S1 and S4 in the supplementary materials, sec-

tion 8), corresponding to a single frame expo-

sure time of 13 ms (individual frames had an

electron dose of 26 e
–
Å
−2

s
−1
and the dose per

pixel was 0.2 e
–
). Each movie was composed of

~1000 to2000 frames (3500×3500pixels in size)

with an SNR (measured in the vacuum) of ~0.45,
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which obscured much of the surface structure

in the raw data and made it impossible to ob-

serve the underlying dynamics (see the supple-

mentarymaterials, section 2, formore details).

To process the low-SNR data, we leverage a

deep-learning model trained and evaluated ex-

clusively on the same real noisy data. The

model is based on recently developed unsuper-

vised deep video denoiser (UDVD), (20, 24)

trained to estimate each noisy pixel value using

the surrounding spatiotemporal neighborhood

but without considering the noisy pixel itself

(Fig. 1A). This blind-spot structure, which was

enforced through a specialized architectural

design, was critical because it prevented the

model from learning to trivially map the input

to the output directly. Instead, the denoiser

learned to estimate the underlying clean image

structure without overfitting the noise. Effec-

tive denoising occurs provided (i) each pixel

in the clean image is correlated with if the

surrounding pixels, which is the case if the

spatial sampling is sufficiently highwith respect

to the features of interest (e.g., lattice fringes),

and (ii) the noise is spatially and temporally

uncorrelated (see the supplementarymaterials,

section 41; see part 4 for an analysis of the spa-

tiotemporal correlation in the noise). UDVD

combined several convolutional neural networks

with a UNet architecture to process multiple

frames at the same time, which enabled it to

exploit temporal patterns and multiscale struc-

ture (see the supplementary materials, section

1 for additional details). The results achieved

by the denoiser are shown in Fig. 1, B and C.

After denoising, the atomic structure of the

nanoparticles, including the surface, was clear-

ly resolved, showcasing the advantage of un-

supervised denoising for scientific discovery.

To evaluate the performance of UDVD, we

applied a recently developedunsupervised eval-

uation metric: the unsupervised peak SNR

(uPSNR) (20). This metric is computed by

using held-out adjacent noisy frames com-

bined with a correction term (Fig. 1, D and E)

that yields an unbiased, consistent estimate

of the true PSNR, under the assumption that

the noise is independent across frames (this

is approximately true, as shown in the sup-

plementarymaterials, section 1). An additional

qualitative evaluation of the denoised output

A D

C

B

E

Fig. 1. Unsupervised deep denoising methodology. (A) The proposed UDVD

learns to remove noise from noisy datasets without access to ground-truth clean

images. A deep convolutional neural network is trained to estimate each noisy

pixel from its spatiotemporal surrounding but without using the noisy pixel itself.

Because the noisy component of the pixel is unpredictable, the network learns to

estimate the underlying clean signal. (B) Example of denoising results showing

the structure of the Pt nanoparticle in a CO atmosphere at room temperature. Left,

raw data (13-ms exposure time). Right, same frame after UDVD denoising. Middle,

raw frame after Gaussian blur filter for noise reduction. (C) Comparison of summed

data and denoised data of the 30-frame sum. The surface structures look very

similar. Intensity linescans along green lines in images is graphed on the right showing

similar intensity variations for the denoised (red trace) and raw (black trace line)

data. (see the supplementary materials, section 2). (D) To perform quantitative

evaluation of unsupervised denoisers, we propose a metric called unsupervised mean

squared error (uMSE), which is computed exclusively from noisy data. The uMSE was

obtained by comparing the denoised image with an adjacent noisy frame and adding a

correction term computed from two additional noisy frames (top row). If the signal

content across the noisy frames is consistent and the noise is independent, the

uMSE is an unbiased consistent estimator of the supervised MSE between the

denoised image and the underlying clean signal (bottom row). (E) Comparison of the

performance of a single-frame and multiframe version of UDVD against a traditional

baseline based on Gaussian filtering (Gaussian) and an alternative unsupervised

method known as Neighbor2Neighbor (1). The metric was the uPSNR, which equals

the logarithm of the uMSE. UDVD achieved a statistically significant superior

performance for two datasets containing CeO2 and Pt nanoparticles. Section 1 of the

supplementary materials provides additional details about the models and datasets.
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was performed by comparing a temporal aver-

age of the raw and denoised data. Figure 1C

shows that there is reasonable agreement be-

tween the two temporal averages. Further

details on training and evaluation of the de-

noiser output from generating nanoparticle

surface structure are provided in the supple-

mentary materials, sections 1 and 2. Based

on the vacuum region, the SNR in the UDVD

output was ~16.5, which was improved by a

factor of ~36 compared with the raw data. To

achieve a similar improvement through count-

ing statistics alone would require an increase

in beam current or acquisition time by a fac-

tor of 1300. Increasing the beam current by

such a large factor would destroy the material,

whereas increasing the acquisition time by this

factor would destroy the time resolution. This

result demonstrates the power of the proposed

denoising framework (for a more detailed dis-

cussion on the role of exposure time fordetecting

short-lived surface structures, see the supple-

mentary materials, section 7).

Denoised imaging results

The denoiser revealed new dynamics on nano-

particle surfaces. A typical evolution of a 1.2-nm

Pt nanoparticle surface supported on a (100)

face of a CeO2 during exposure to 10
−4

Torr of

CO at room temperature is shown in Fig. 2, A

to F. The first image at t = 0 s shows the par-

ticle in a (110) zone axis with crystallographic

terminations corresponding to (111) surfaces.

The particle underwent rotation, and its evolved

shape led to the formation of a (100) facet. The

presence of (111) and (100) crystallographic

facets corresponds to the low-energy Winter-

bottom shape for Pt nanoparticles (25). The

electron beam will always influence obser-

vations in the electron microscope. In this

case, section 3 of the supplementary mate-

rials addresses this issue and compares en-

ergy transfers from the electron beam and

thermal processes for Pt surfacemigration. The

calculations show that thermally activated Pt

jumps are 10
6
times more likely than electron

beam activated jumps, suggesting that the

structural fluctuations are predominantly the

result of thermal processes.

The high spatiotemporal resolution images

revealed diffuse contrast that appeared to

“float” above the crystallographic terminations.

This component constantly changed in time

and space, and a layered chimney structure

(labeled in Fig. 2D) is a pronounced example

in which despite the nanoparticle being in a

zone axis orientation with clearly resolved

atomic columns, the chimney structure did

not show atomic column contrast (see movies

S2 and S3 in the supplementary materials,

section 8). This external surface layer was not

an artifact of denoising and could also be seen

(after suitable averaging) in the raw data (see

the supplementary materials, section 4).

Even low-energy (111) facets often had dif-

fuse layers present a substantial fraction of the

time. An example from a different particle in

which the diffuse surface layer transformed to

an ordered bulk terminated-like (111) Pt sur-

face is shown in Fig. 2, G and H. This trans-

formation implied that the diffuse layer, which

we call an adlayer, was primarily associated

with Pt atoms, but the atoms were neither

stationary nor in bulk terminated lattice sites.

The electron scattering fromCO ismuch smaller

than that from Pt, so the contribution to the

diffuse layer signal from CO is not apparent.

Consideration of the image contrast suggests

(see the supplementary materials, section 7)

that similar numbers of atoms are present in

rows C and D in Fig. 2, G and H). As shown by

Fig. 2 and the associated images in the supple-

mentary materials, section 4, and movies S2,

S3, S5, S6, and S7 in the supplementary mate-

rials, section 8, the surface is constantly trans-

forming between ordered crystallographic

terminations and disordered adlayers on the

nanoparticles studied here. Occasionally, the

adlayer is associated with the nucleation or

dissolution of a crystalline layer on the nano-

particle, whereas other times, an existing crys-

talline layer transforms to an adlayer and

then back to a crystalline layer, as seen in

Figs. 2 and 3.

Adlayers composed of diffusing atoms have

been reported during thin film growth and the

particle sintering that occurs through Ostwald

ripening, but we are not aware that this phe-

nomenon has been directly observed on nano-

particles. In Ostwald ripening of supported

metal particles, adatoms diffuse on the metal

surface, detach from the particles, andmigrate

across the support to join other larger particles

(26). In the present case, the strong interaction

with CO disrupted metal-metal surface bonds,

which increased the likelihood that Pt atoms

detached from lattice sites and migrated.

Moreover, most nanoparticles would not have

the correct number of atoms to form complete

(111) and (100) layers to make the perfect

Winterbottom shapes. This incomplete layer

filling would increase the concentration of

low-coordination Pt atoms at step edges and

corners sites, which would make adatom de-

tachment more facile. Once the atoms de-

tached from crystal lattice sites, they would

likely be highly mobile. For example, the mi-

gration energy of Pt on Pt(111) surface is ~0.3 eV,

which could result in millions of jumps per

second at room temperature (27) (see the sup-

plementary materials, section 3).

Strain effects and fluxionality

The surface instabilities generate dynamic

strain fields that penetrate below the sur-

face andmay trigger disruptions of subsurface

A G

F

E

C

B

H

D

Fig. 2. Surface dynamics in Pt particles. (A to F) Variation in the surface of a 1.2-nm Pt particle in a CO

atmosphere during a time period of 360 ms. The diffuse contrast at the surface of the nanoparticle are

the dynamic adlayers of moving atoms. Rapid surface diffusion caused particle shape evolution, such as

the formation of metastable chimney structures and (100) facets. (G and H) Two-nanometer particle showing

a disordered fluxional adlayer (D) transforming into a (111) crystallographic termination (C).
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layers. Figure 3 (and movie S5 in the supple-

mentary materials, section 8) captures the

occurrence of a crystallographic shearing event

taking place on a plane just below the surface

leading to the formation of a stacking fault. In

this case, a (111) Pt plane slid laterally, causing

the ideal face-centered cubic stacking sequence

(Fig. 3A) to transform into a hexagonal close-

packed surface domain (Fig. 3E and the sup-

plementary materials, section 5). At the same

time, the particle underwent a rigid body rota-

tion of ~10° clockwise, whichmade the (111) Pt

plane parallel to the (111) surface of the CeO2.

The temporal evolution shows that the sys-

tem passed through a transition state lasting

~13 ms (Fig. 3C), during which time the entire

(111) plane showed streaked contrast charac-

teristic of structural disorder or motion. Sim-

ultaneously, the adjacent surface layers on the

left and upper left side of the particle showed

adlayer contrast. This observation demonstra-

ted that instabilities associated with surface

adlayers could destabilize the crystal structure

below the surface.

The adlayers renucleated into ordered crys-

tallographic terminations as the stacking fault

was created (Fig. 3, D and E) and the structure

stabilized. The stabilization associated with

stacking fault formation was short lived, and

the particle underwent a reverse shear 600ms

later. The surface and subsurface layers then

became very dynamic, which led to the entire

particle becoming fluxional, manifesting as

rapid changes in atomic structure, particle

shape, and orientation (Fig. 3, F to J; movie S5

in the supplementarymaterials, section 8; and

discussion in the supplementary materials,

section 4). The structure present in Fig. 3J

was not easy to determine. The raw data (see

movie S4 raw) showed very low contrast with

a sparse, rapidly changing phase contrast

speckle indicative of rapid changes occurring.

The denoiser picked out the stronger features

of the speckle pattern, but these did not cor-

respond to atomic columns. The particle may

also have been changing more rapidly than

the frame time. Each frame would then have

been a superposition of images of the particle

with different structures and orientations, and,

for phase contrast imaging, this would wash

out the contrast in the recorded frame. This

entire particle fluxionality was more frequent-

ly observed in the smaller particles <1.5 nm

(see movie S7 in the supplementary materials,

section 8). We may hypothesize that adlayer-

initiated disruptions below the surface were

more likely when the surface-to-volume ratio

was higher and the contact areawith the oxide

support was smaller, making small particles

less stable.

Quantifying fluxionality

To explore this hypothesis in greater depth, we

have developed an approach to quantify the

order and/or disorder in images based on

topological data analysis, specifically bymeans

of summaries of persistent homology (28). A

brief description of the approach is given in

the supplementary materials, section 6. Per-

sistent homology tracked the change in the

degree of connectivity between dark (or light)

pixels in a single image during intensity thresh-

olding, and in a more ordered image, this con-

nectivity wasmore persistent with thresholding.

Specifically, the so-called accumulated lifetime

persistent survival (ALPS) statistic acts as a

measure of structural order in the image. This

summary is normalized for particle size in

such a way that gives a value near unity in

the vacuum (corresponding to no order or con-

trast). An advantage of this approach is that it

makes no assumptions about the form of the

image (that is, the presence of atomic columns

or fringes, etc.), so it can be applied to images

from particles in any orientation. Applying

this approach to a sequence of images from

the same particle provided a quantitativemea-

sure of the order evolution with time and

allowed comparison of the degrees of order

between nanoparticles.

The ALPS statistic, plotted as a function of

time in Fig. 4A for the particle shown in Fig. 3,

had values ranging from ≥1.3, which corre-

spond to ordered structures, to values ≤1.1,

which correspond to low degrees of order.

The rapid small ALPS fluctuations of ~0.1 unit

were not noise but were associated with con-

stantly changing surface structures. The plot

in Fig. 4A provides a quantitative, high-level

view of particle stability and explicitly shows

the time that the system spends in metastable

ordered states versus highly disordered states.

Particle-size effects

We applied ALPS statistics to quantitatively

compare the structural dynamics in nanopar-

ticles of different size in 23 movies (~25,000

frames) from particles in the size range 0.7

A B C D E

F G H I J

Fig. 3. Dynamics at subsurface sites and nanoparticle fluxionality. (A to

E) Sequence of images of Pt nanoparticle showing the formation of a

subsurface stacking fault. (A) Presheared state of the nanoparticle. Blue

dotted line is perpendicular to a set of (111) planes, with the bulk showing

usual ABCA stacking and blue arrows showing the location of the A layers.

(B) The (111) plane (marked by white arrow) and (100) plane (marked

by yellow arrow) showing streaking contrast demonstrating the onset of plane

instability. (C) The (111) and (100) dynamic adlayer formation indicating

that pronounced atomic motion occurred at rates beyond the frame exposure

time of 13 ms. Rigid body rotation was also observed of the entire nanoparticle.

(D and E) The (111) plane stabilizes in its new shifted position forming a

stacking fault showing ABCB stacking (yellow arrow). The adlayers transformed

back to crystallographic terminations. (F to J) Surface interface instabilities

drove structural dynamics and the phase contrast images became highly

fluxional. The entire particle was destabilized, which resulted in rapid changes

in crystal orientation and structure.
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to 4 nm (for details, see the supplementary ma-

terials, section 6, and movies S6 and S7 in sec-

tion 8). To simplify and facilitate the comparison

between particles, the mean and standard de-

viation (SD) of each ALPS plot were determined

andplotted as a function of particle size in Fig. 4,

B and C. The mean value of the ALPS statistic

showed an approximately linear dependence

with particle size (and surface-to-volume ratio),

quantitatively confirming the hypothesis that

instability is inversely proportional to size.

The SD showed a poorly defined maximum

in the size range 1.5 to 3 nm, which suggested

that there were three categories of structural

dynamics for the Pt particles. The first cat-

egory had the largest ALPS value (>1.5) and

relatively small SDs, corresponding to larger

particles that remain well ordered through-

out the period of observation. Although their

surfaces were dynamic, their ALPS statistic

was dominated by the bulk because of their

small surface-to-volume ratio, and these par-

ticles remained relatively stable.

The second category had the smallest ALPS

values (<1.2) and small SDs. These were par-

ticles 1.5 nm or smaller and had high degrees

of disorder. Their low SDs showed that they

were rarely in highly ordered states. From in-

spection of the denoised movies, the high

degree of disorder was associated with high

degrees of fluxionality. Because the particles

have a high surface-to-volume ratio, fluxional

surface adlayers drove fluxionality for the en-

tire particle.

The third category showed a wide range of

SDs and a wide range of ALPS values. They

were predominantly intermediate-sized par-

ticles between 1.5 and 3 nm, whichmanifested

very diverse behaviors and could either be ex-

tremely fluxional or relatively stable. The par-

ticle dynamics depended on the degree of

stability of their surfaces and on the stability

of the interface with the support.

The particle shown in Figs. 3 and 4 belonged

to this third category and exhibited different

degrees of order at different time periods. For

period A in Fig. 4A, the particle shows a well-

defined orientation with the support. Activa-

tion of the reverse shear (Fig. 3F) marked a

period of more pronounced structural instab-

ility (period B), whichmanifested through large

surface and interface changes.

The availability of the denoised atomic-

resolution image for each ALPS point allowed

the structural origin for the stability or in-

stability transformation to be explored. For

example, the degree of instability was oscil-

latory throughout period B, and inspection of

the images shows that thiswas associatedwith

a set of Pt (111) fringes (making an angle of 77°

with the support) that repeatedly appeared and

disappeared. The particle continuously attemp-

ted to establish a stable interfacial structure

with the CeO2 support but failed to achieve a

stable configuration. The Pt particle surface was

extremely fluxional throughout this process.

The particle then entered a more ordered

period C, characterized by Pt (111) fringes that

made an angle of ~30° with respect to the

support. Another shearing operation (at frame

1141) caused the particle to enter a brief period

of instability before entering period D, an

ordered stable period characterized by Pt(111)

fringes making and angle of ~87° with respect

to the support. The transitions from meta-

stable to unstable configurations represented

a rich and complex space, but the topological

analysis allowed this complexity to be quantified

A

B C

Fig. 4. Quantifying global structural dynamics in Pt nanoparticles. (A) The order parameter (ALPS) versus frame number (frame time = 1/75 s ~13 ms) for the

same particle showing the transition from ordered to disorders configuration (inserts are typical images for each of the four stable time periods A to D). (B and C) The

mean order parameter and SD as a function of particle size for different nanoparticle measured with 13-ms time resolution over periods of 8 to 15 s.
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in time and the denoised images permitted

the associated evolutionary structural path-

ways to be elucidated.

Discussion

Consideration of thermodynamic and kinetic

factors can provide a framework from which

to interpret the fluxional observations. Before

exposure to CO, most of the Pt particles ex-

hibited the thermodynamically favoredWinter-

bottom shape consisting of (111) and (100)

facets (see the supplementary materials, sec-

tion 2). The structural dynamics initiated al-

most immediately after exposure to CO with

the particles evolving away from the Winter-

bottom shape. The behavior was stochastic

and particles in the 1.5- to 4-nm range did tem-

porarily revisit the equilibrium shape for var-

ious periods of time. The smaller ones were

too fluxional to make any strong statement

about a favored shape. The disruptive and dy-

namic role of the chemisorbed CO on the sta-

bility of the Pt surface facets and equilibrium

shape should not be underestimated. The large

chemisorption energy (~1.5 eV) was associated

with significant electron transfer between the

metal and the molecule and disrupted the

local Pt–Pt bonding, which led to enhanced Pt

migration accelerating the kinetics. However,

the concept of a global equilibrium shape in

such an environment for small particles may

be questionable. The equilibrium shape is dom-

inated by surface energies, and the CO will

cause dynamics changes in surface energies

because it was diffusing on the surface and

also adsorbed and desorbed with time at cer-

tain sites. For example, the local surface energy

of a Pt (111) facet with 50% CO coverage will

change if the coverage spontaneously changes

to 40% or 60%. Consequently, the thermody-

namic driving force was constantly changing

on the atomic scale, and there was no well-

defined Winterbottom shape.

Thermal fluctuations constantly perturbed

the system, locally driving surface migration,

but there was no global equilibrium shape for

the system on the timescale of our observa-

tion. Any conclusion that the observed transi-

tion structures, such as stacking faults and

chimney structures, are high-energy configu-

rations may be incomplete because we are not

able to directly observe the associated CO sur-

face overlayer. The complex surface dynamics

that were observed at the atomic level can be

understood from a kinetic perspective by con-

sidering the Arrhenius relations governing the

migration rate r (r = A exp(–Ea/kT), where k is

Boltzmann’s constant). Any process in or on a

material with an activation energy Ea ≤ 0.7 eV

will occur many times per second at room

temperature (the attempt frequency, A, can

be approximated as the phonon frequency

~10
12
Hz). Prior TEM observations of static

nanoparticle surfaces at room temperature

may have appeared stationary, because the

image recording averaged over the atomic-

level dynamics. Going to higher temporal reso-

lution revealed that atomic-level dynamics were

constantly taking place. The surface will only

become truly static at absolute zero. Although

the observations reported here are in CO, it

seems likely thatmany nanoparticle surfaces

may show fluxionality under a wide range of

different conditions.

In conclusion, with the help of a newly de-

veloped unsupervised AI denoising algorithm

and in situ electron microscopy, we made

atomic-resolution observations of nanopar-

ticle surfaces with time resolutions down to

10 ms and under a moderate electron dose.

The structural dynamics of Pt nanoparticles

in a CO atmosphere were observed and char-

acterized as a function of particle size. The

nanoparticle surfaces continuously transitioned

between relatively stable crystallographic ter-

minations andmore active adlayers composed

of rapidly diffusing Pt atoms. The atoms of the

adlayer temporarily “floated” on top of the

conventional crystallographic terminations

and sometimes nucleated, adding a crystal-

lographic monolayer to the surface or diffus-

ing away. This process was continuous with

the crystallographic terminations repeatedly

stabilizing and destabilizing on timescales

of <100ms at room temperature. The surface

structural dynamics and stress fields pene-

trated below the surface and led to defect for-

mation such as stacking faults. Many of the

particles, especially the smaller ones, were

observed to go through extended periods of

extreme structural instability. Through the ap-

plication of topological data analysis, we were

able to quantify and differentiate periods when

the particle was in a well-ordered metastable

state from the more fluxional disordered con-

figurations. The high spatiotemporal informa-

tion from the denoiser allowed the short-lived

atomic-resolution elementary structural steps

associated with nanoparticle transitions to be

identified. The combination of AI-powered un-

supervised denoising and in situ electron mi-

croscopy provides a new approach with which

to investigate the field of atomic structural dy-

namics and stability. This will provide a new

perspective for fundamental materials research

by allowing functionalities to be correlated, not

only to static atomic structure, but also to local

structural dynamics.
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PLANT PATHOLOGY

Plant pathogenic fungi hijack phosphate signaling
with conserved enzymatic effectors
Carl L. McCombe1†, Alex Wegner2†, Louisa Wirtz2, Chenie S. Zamora3, Florencia Casanova2,

Shouvik Aditya1, Julian R. Greenwood1, Samuel de Paula3, Eleanor England1, Sascha Shang1,

Daniel J. Ericsson4, Ely Oliveira-Garcia3*, Simon J. Williams1*, Ulrich Schaffrath2*

Inorganic phosphate (Pi) is essential for life, and plant cells monitor Pi availability by sensing inositol

pyrophosphate (PP-InsP) levels. In this work, we describe the hijacking of plant phosphate sensing by a

conserved family of Nudix hydrolase effectors from pathogenic Magnaporthe and Colletotrichum fungi.

Structural and enzymatic analyses of the Nudix effector family demonstrate that they selectively

hydrolyze PP-InsP. Gene deletion experiments of Nudix effectors in Magnaporthe oryzae, Colletotrichum

higginsianum, and Colletotrichum graminicola indicate that PP-InsP hydrolysis substantially enhances

disease symptoms in diverse pathosystems. Further, we show that this conserved effector family induces

phosphate starvation signaling in plants. Our study elucidates a molecular mechanism, used by multiple

phytopathogenic fungi, that manipulates the highly conserved plant phosphate sensing pathway to

exacerbate disease.

P
lant-microbe interactions range from

beneficial to parasitic. Balancing the

recruitment and support of mutualists

while maintaining the ability to defend

against pathogens is a major driver of

plant evolution (1). Approximately 71% of vas-

cular plant species recruit arbuscularmycorrhizal

fungi (AMF) to access more inorganic phosphate

(Pi) and other mineral nutrients from the envi-

ronment (2). In contrast to AMF, pathogenic

fungi steal nutrients and constrainplant growth.

Fungal diseases of widely grown calorie crops

threaten global food security by reducing yield

(3). For example, Magnaporthe oryzae causes

blast disease in major cereal crops, including

rice, wheat, and barley (4), resulting in annual

food losses that could sustain hundreds of mil-

lions of people (5).

Beneficial and detrimental plant-microbe in-

teractions can be influenced by plant phosphate

status (6). In eukaryotic cells, inositol pyro-

phosphates (PP-InsPs) signal Pi availability by

binding to SPXprotein domains (7).WhenPi in

plant cells is abundant, PP-InsP–bound SPX-

domain proteins inhibit phosphate starvation

response transcription factors (PHRs), thereby

suppressing the expression of starvation-induced

genes (8–11). PHRs are conserved throughout

land plants and green algae (12), and the

regulation of plant-AMF symbiosis in both

monocots and dicots is dependent on the PP-

InsP–SPX–PHR signaling pathway (13–16). In

addition to controlling PHR activity, PP-InsPs

are implicated in regulating phosphate trans-

porters (7), ubiquitin ligases (17), and hormone

receptors (18–21), effectively integrating Pi avail-

ability into various cellular processes.

Plant pathogens may use secreted proteins,

called effectors, to target plant phosphate sig-

naling to promote disease (6). Overexpression

of the bacterial effector SAP11 in Arabidopsis

thaliana up-regulates multiple AtPHR1 target

genes and increases cellular phosphate levels

(22). Another bacterial effector, XopH from

Xanthomonas campestris pv. vesicatoria, de-

creases plant PP-InsP levels through dephos-

phorylation of inositol hexakisphosphate (InsP6)

and interferes with hormone signaling (23);

however, whether this disrupts Pi sensing

remains unclear. In this study, we demonstrate

that a conserved family of Nudix (nucleoside-

diphosphate linked to moiety X) hydrolase

effectors secreted by pathogenic fungi hydrolyze

PP-InsPs. This function successfully mimics

phosphate depletion and activates the plant

PHR signaling pathway. We generated Nudix ef-

fectordeletion strainsofM.oryzae,Colletotrichum

higginsianum, and Colletotrichum graminicola

and demonstrate that PP-InsP hydrolase activ-

ity is essential for the full virulence of multiple

pathogenic fungi.

A conserved Nudix hydrolase effector family

promotes blast and anthracnose disease

Nudix hydrolase effectors are used by fungal,

oomycete, and bacterial plant pathogens; how-

ever, their role in virulence, preferred substrates,

and putative functions vary (24–29). Pathogenic

Magnaporthe and Colletotrichum fungi have

effectors with predicted Nudix hydrolase ac-

tivity, and little is known about their role in

disease (fig. S1 and data S1) (30). There are three

predicted Nudix effector genes in M. oryzae

(data S1) (31); two of these, namedMoNUDIX,

are identical in sequence and are among the

most up-regulated genes during rice infection

(32). To examine the role of Nudix effectors in

blast disease, we first used RNA interference

(RNAi) to simultaneously lower the expression

of both identical MoNUDIX genes (fig. S2, A

and B). Silencing of MoNUDIX reduced blast

disease symptoms comparedwithwild-type (WT)

M. oryzae in whole–rice plant spray inoculation

assays (fig. S2, C and D). Silencing MoNUDIX

also enhanced reactive oxygen species (ROS)

accumulation, slowed disease progression, and

increased cell wall autofluorescence (fig. S2,

E to J). Collectively, the results indicate that

MoNUDIX is important forM. oryzae virulence

and host immune suppression.

We generatedMoNUDIX deletion and com-

plementation mutants in M. oryzae using

CRISPR-Cas9 genome editing (fig. S3). The

deletionof both identicalMoNUDIX gene copies

(M. oryzae
DDMoNUDIX

) resulted in a reduction

in rice blast lesion size (Fig. 1A). To assess

whether the contribution of MoNUDIX to

blast virulence was specific to rice infection,

we also performed infection assays with barley

and again observed significantly reduced lesion

sizewithM. oryzae
DDMoNUDIX

(Fig. 1B). Although

MoNUDIX appears to play a more important

role when infecting certain rice and barley cul-

tivars, overall, the results consistently indicate

that MoNUDIX significantly promotes blast

disease (Fig. 1A and fig. S4, A andB).Microscopy

analysis also demonstrated a clear reduction

in the growth of M. oryzae
DDMoNUDIX

running

hyphae during infection (fig. S4C). The two

identical MoNUDIX genes likely function re-

dundantly because single-deletion mutants ex-

hibit only slight reductions in disease symptoms

when compared with WTM. oryzae (fig. S5, A

and B). M. oryzae
DDMoNUDIX

displays normal

vegetative growth, abiotic stress tolerance,

conidia germination, appressorium forma-

tion, and infection after leaf wounding, which

bypasses the requirement for an appressorium-

mediated penetration (fig. S5, C to F). Collect-

ively, our data indicate that MoNUDIX is

specifically relevant for appressorium-mediated

plant infection, which is consistent with the

previously reported timing of Nudix effector

gene induction during the biotrophic growth

stage ofM. oryzae, Colletotrichum lentis, and

C. higginsianum (30, 32, 33).

Nudix hydrolases typically hydrolyze pyro-

phosphate bonds inmoleculeswith anucleoside

diphosphate. The Nudix motif, GX5EX7REUX-

EEXGU—where U represents a hydrophobic

amino acid and X is any amino acid (34)—is

essential for substrate hydrolysis by Nudix

hydrolases. To investigate the role of Nudix

hydrolase activity in promoting blast disease,

we introduced either WT MoNUDIX or a mu-

tated MoNUDIX with the second glutamate in

themotifmutated to glutamine (MoNUDIX
E79Q

)
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into M. oryzae
DDMoNUDIX

. Although the expres-

sion of WTMoNUDIX successfully rescues the

virulence ofM. oryzae
DDMoNUDIX

, the expression

MoNUDIX
E79Q

does not (Fig. 1C). We also tested

various other Nudix motif mutant proteins, and

all failed to rescueM. oryzae
DDMoNUDIX

virulence

(fig. S5G). These data demonstrate that the

Nudix motif and therefore hydrolytic activity

is essential for the promotion of blast disease

by MoNUDIX.

To determinewhether relatedNudix effectors

have functions in other diseases, we generated

C. higginsianum and C. graminicolaNudix ef-

fector deletion mutants. C. higginsianum has

four putativeNudix effectors (fig. S1 and data S1;

this includes aduplicate gene copyofChNUDIX).

ChNUDIX and ChNUDIX2 are highly expressed

during infection and are located on a mini

chromosome that is essential for pathogen

virulence (33, 35). The deletion of both identical

ChNUDIX gene copies (C. higginsianum
DDChNUDIX

)

reduced disease symptoms when infecting

A. thaliana (Fig. 2A and fig. S6). C. graminicola

has only a single putative Nudix effector,

CgNUDIX (fig. S1 and data S1), and deletion of

CgNUDIX (C. graminicola
DCgNUDIX

) significantly

reduced disease symptoms when infecting

maize without affecting vegetative growth or

conidia germination (Fig. 2B and fig. S7, A to G).

We observed that the loss of CgNUDIX reduced

Fig. 1. MoNUDIX is impor-

tant for M. oryzae viru-

lence on rice and barley.

(A) Rice cultivars inoculated

with M. oryzae isolate Guy11

(MoWT) and MoNUDIX

double gene deletion mutant

DDMoNUDIX-1. Leaves were

photographed 6 days

postinoculation (dpi).

Approximately 50 lesions

were measured across

five rice leaves per treat-

ment in three independent

experiments, and significant

differences are indicated

(Mann-Whitney U test,

***P < 0.001). (B) Barley

(cv. Ingrid) inoculated with

MoWT, DDMoNUDIX-1,

DDMoNUDIX-2, and

DDMoNUDIX-3. Leaves were

photographed 7 dpi.

Approximately 150 lesions

were measured across

10 barley leaves per treat-

ment per experiment,

and letters indicate signifi-

cant differences between

treatments (Kruskal-Wallis

H test, Dunn’s post hoc test,

P < 0.01). (C) Barley

(cv. Ingrid) inoculated with

MoWT, DDMoNUDIX-1, and

MoNUDIX double gene dele-

tion mutants expressing

either WT MoNUDIX

(DDMoNUDIX-1+MoNUDIX

and DDMoNUDIX-2+MoNUDIX)

or MoNUDIX with a mutation

in the Nudix motif

(DDMoNUDIX-1+MoNUDIXE79Q,

DDMoNUDIX-2+MoNUDIXE79Q,

DDMoNUDIX-3+MoNUDIXE79Q).

Leaves were photographed

7 dpi. Approximately

150 lesions were measured

across 10 barley leaves per

treatment per experiment,

and letters indicate significant

differences between treatments (Kruskal-Wallis H test, Dunn’s post hoc test, P < 0.01).
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fungal growth in maize cells and slowed the

infection process (fig. S7, H and J). Our results

demonstrate that Nudix effectors increase viru-

lence of multiple pathogens with diverse host

plants. Furthermore, WT ChNUDIX, but not

a Nudix motif mutant, restored virulence in

M. oryzae
DDMoNUDIX

(Fig. 2C), demonstrating

that Nudix effectors from Colletotrichum and

Magnaporthe species have conserved virulence

functions that are dependent on hydrolytic

activity.

Magnaporthe and Colletotrichum Nudix

effectors are PP-InsP hydrolases

To characterize the enzymatic activity and sub-

strate specificity of the Nudix effectors, we

purified MoNUDIX (fig. S8A) and determined

its crystal structure at a resolution of 1.57 Å

(data S2). Structural similarity searches revealed

that Homo sapiens diphosphoinositol poly-

phosphate phosphohydrolase 1 (HsDIPP1) is

similar to MoNUDIX in both overall structure

andsurface chargeproperties (Fig. 3A).HsDIPP1,

awell-characterizedNudix hydrolase, hydrolyzes

diadenosine polyphosphates (ApnAs) (36), the

protective 5′mRNA cap (37), and PP-InsPs (38).

Substrate screening with purified MoNUDIX
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Fig. 2. Nudix effectors in Colletotrichum have important and shared

functions with MoNUDIX during infection. (A) A. thaliana leaves inoculated

with C. higginsianum isolate IMI349063 (ChWT) and three independent ChNUDIX

double gene deletion mutants (DDChNUDIX-1, DDChNUDIX-2, and DDChNUDIX-

3). Leaves were photographed 5 dpi. Approximately 40 lesions were measured

per treatment per experiment, and letters indicate significant differences

between treatments (Kruskal-Wallis H test, Dunn’s post hoc test, P < 0.01).

(B) Zea mays (cv. B73) inoculated with C. graminicola strain M2 (CgWT),

two independent CgNUDIX gene deletion mutants (DCgNUDIX-1 and DCgNUDIX-2),

and the mutants complemented with an ectopic copy of CgNUDIX (DCgNUDIX-1

+CgNUDIX and DCgNUDIX-2+CgNUDIX). Leaves (n = 16) were photographed 6 dpi

and the diseased area quantified, and letters indicate significant differences between

treatments [one-way analysis of variance (ANOVA), Tukey’s honestly significant

difference (HSD), P < 0.01]. (C) Barley (cv. Ingrid) inoculated with MoWT,

DDMoNUDIX-1, and MoNUDIX double gene deletion mutants expressing either WT

ChNUDIX (DDMoNUDIX-1+ChNUDIX, DDMoNUDIX-2+ChNUDIX, and DDMoNUDIX-3

+ChNUDIX) or ChNUDIX with a mutation in the Nudix motif (DDMoNUDIX-1

+ChNUDIXE78Q, DDMoNUDIX-2+ChNUDIXE78Q, and DDMoNUDIX-3+ChNUDIXE78Q).

Leaves were photographed 7 dpi. Approximately 150 lesions measured across 10

barley leaves per treatment per experiment, and letters indicate significant differences

between treatments (Kruskal-Wallis H test, Dunn’s post hoc test, P < 0.01). The

inoculation experiments were completed alongside those presented in Fig. 1C, and

the control treatment results (MoWT and DDMoNUDIX-1) are included in both figures.

For representative leaf images of MoWT and DDMoNUDIX-1, see Fig. 1C.
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protein demonstrated Nudix motif–dependent

hydrolysis of 5-PP-InsP5 (Fig. 3B), whereas no

activity was detected with ApnAs, mRNA caps,

or other common substrates of Nudix hydro-

lases (fig. S8, B and C). Our results demonstrate

thatMoNUDIX is a selective PP-InsP hydrolase

in vitro. To understand the mode of PP-InsP

binding toMoNUDIX, wemodeled 5-PP-InsP5
into the MoNUDIX crystal structure through

alignment with substrate-boundHsDIPP1 (39)

(Fig. 3C). We identified basic amino acids

likely required for PP-InsP binding (Fig. 3C);

to confirm their involvement, two lysines were

mutated to glutamate (MoNUDIX
KKEE

). The

MoNUDIX
KKEE

protein demonstrated an ~70-

fold reduction in InsP6 binding affinity as mea-

sured by microscale thermophoresis (fig. S8D)

and was unable to hydrolyze 5-PP-InsP5 (Fig.

3D). The predicted PP-InsP binding site, in-

cluding the basic amino acids, are conserved

throughout theMagnaporthe andColletotrichum

Nudix effector family (Fig. 3, E and F), which

suggests conservation of substrate selectivity

and enzymatic activity. We show that purified

ChNUDIX and a second predicted M. oryzae

Nudix effector (MoNUDIX2) both hydrolyze

5-PP-InsP5, and this activity is dependent on a

Nudix motif glutamate (Fig. 3G). By contrast,

Nudix effectors from other plant pathogens

lack the conserved PP-InsP binding residues,

and we found that theMelampsora liniNudix

effector AvrM14 does not hydrolyze 5-PP-InsP5

(fig. S8E). All proteins used throughout this

study were purified to homogeneity before

in vitro characterization (figs. S8A and S9) (29).

Overall, structural analysis and enzymatic assays

Fig. 3. Magnaporthe and

Colletotrichum Nudix effec-

tors are diphosphoinositol

polyphosphate phosphohy-

drolases. (A) MoNUDIX and

H. sapiens DIPP1 [Protein

Data Bank (PDB) ID: 6WO7]

(39) crystal structures

superimposed to demonstrate

their structural similarity

despite low levels of sequence

identity (25%). (Right) Both

MoNUDIX and HsDIPP1 dem-

onstrate similar surface charge

properties at the putative

active site. (B) Purified

MoNUDIX, MoNUDIXE79Q, and

HsDIPP1 were incubated with

5-PP-InsP5. Buffer alone was

incubated with both InsP6 and

5-PP-InsP5. The reaction

products were separated using

a polyacrylamide gel and

stained with toluidine blue.

(C) MoNUDIX with Mg2+ and

5-PP-InsP5 docked into the

crystal structure via alignment

with HsDIPP1 (PDB: 6WO7).

The amino acids potentially

important for Mg2+ and 5-PP-

InsP5 binding are labeled. In

the box (right) are the two

lysine amino acids selected for

mutagenesis. (D) PP-InsP

hydrolysis assays demonstrate

the importance of lysine 53

and 142. (E) The sequence of

MoNUDIX used to determine

the crystal structure, with

coloring indicating amino acid

conservation across homolo-

gous effectors. The amino

acids labeled in (C) are indi-

cated with arrows. 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. (F) MoNUDIX with the protein surface colored according to amino acid conservation across homologous effectors, demonstrating high conservation

of the putative substrate binding site. (G) PP-InsP hydrolysis assays with MoNUDIX homologs ChNUDIX and MoNUDIX2 demonstrates Nudix motif–dependent

hydrolysis of 5-PP-InsP5.
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reveal that theMagnaporthe and Colletotrichum

Nudix effectors are PP-InsP hydrolases.

MoNUDIX localizes to the host cell cytoplasm

during plant infection

Fungal effectors can function within the host

plant cell or in the apoplastic space between

the fungal cell wall and plant plasma mem-

brane. PP-InsPs are intracellular signalingmol-

ecules (40). We therefore hypothesized that the

Nudix effector family would function within

the host plant cell during infection. We sought

to identify the localization ofMoNUDIXduring

plant infection using live-cell imaging techni-

ques. First, we transformed M. oryzae with

monomeric red fluorescent protein (mRFP)–

tagged MoNUDIX controlled by the native

promoter and determined that the effector

colocalizes with the known cytoplasmic ef-

fector MoPwl2 in the biotrophic interfacial

complex (BIC) (Fig. 4A). Using the native pro-

moter required for BIC localization, constitutive

expression ofMoNUDIX resulted inmislocaliza-

tion throughout the fungal hyphae and did not

alter infection phenotypes (fig. S10). The BIC is

the site of cytoplasmic effector translocation

from the fungus into the host cell (41, 42), there-

fore our data suggest that MoNUDIX is trans-

located into the cytoplasm. Treatment with

brefeldin A (BFA), a potent inhibitor of Golgi

trafficking (43), prevents the secretion of apop-

lastic but not cytoplasmic M. oryzae effectors

(42). TheBIC localization ofMoNUDIXwasnot

influenced by BFA treatment, which further

indicates thatMoNUDIX functions as a cyto-

plasmic effector (Fig. 4B). For concentration

of intracellular fluorescence and verification

of MoNUDIX localization inside the host cell,

we used a gentle plasmolysis procedure. The

MoNUDIX:mRFP signal is clearly observed in

the host plant cell protoplasts after plasmolysis

(Fig. 4C). Expression ofM. oryzaemRFP-tagged

ChNUDIX andMoNUDIXNudixmotifmutant

proteins demonstrated that they also localize

to the BIC (fig. S11). Overall, our results demon-

strate that MoNUDIX transits to the host cell

during plant infection, where it likely hydroly-

ses plant PP-InsPs to promote disease.

The Nudix effector family activates plant

phosphate starvation responses

A reduction in intracellular PP-InsP concentra-

tion, which occurs when phosphate is limited,

prevents SPX-domain proteins from binding

to and inhibiting PHRs, which leads to the

expression of phosphate starvation–induced

genes (fig. S12A) (8). To determine whether

the Nudix effectors hydrolyse PP-InsPs in plant

cells, we assessed changes in PHR function.

First, we used a split GAL4 in planta protein

interaction system in Nicotiana benthamiana

(44), to determine whether the effectors pre-

vent AtSPX1 from binding to AtPHR1. In this

assay, interactions betweenAtSPX1 andAtPHR1

will bring together a GAL4 DNA binding do-

main fused toAtSPX1andaVP16 transcriptional

activation domain fused to AtPHR1 to activate

the expression of a luciferase reporter gene. To

first observe a positive interaction between

AtPHR1 and AtSPX1, we needed to coexpress

the kinase domain of VIH2, an enzyme that

produces PP-InsPs in plants (Fig. 5A) (45). Using

the VIH2 coexpression system, we found that

both ChNUDIX andMoNUDIX reduced lucifer-

ase expression when compared with Nudix mo-

tif mutants (MoNUDIX
E79Q

and ChNUDIX
E78Q

)

(Fig. 5A), which suggests that their hydrolase

activity disrupts AtSPX1 binding to AtPHR1.

To determine whether the Nudix effectors in-

duce PHR transcriptional activity, we designed

a PHR-responsive promoter reporter gene. The

RUBY reporter gene (46) was controlled by a

synthetic promoter with multiple P1BS (PHR1-

binding sequence) elements (fig. S12B). We

screened six Nudix effector family members

along with their corresponding Nudix motif

mutants. All six Nudix effectors significantly

Fig. 4. MoNUDIX localizes to the BIC and is secreted into host cells during

infection. Confocal laser scanning microscopy images of barley and rice leaves

infected with M. oryzae expressing fluorescent protein–tagged effectors.

(A) (Left) Barley leaves inoculated with M. oryzae expressing MoNUDIX:mRFP. At

48 hours postinoculation (hpi), punctual accumulation of the mRFP fusion

protein in the fungal hyphae was observed in the first infected cell, consistent

with BIC localization. (Right) The cytoplasmic effector MoPwl2 (41) was coexpressed

as a green fluorescent protein (GFP)–fusion protein demonstrating colocalization

of MoNUDIX:mRFP (magenta) and MoPwl2:GFP (green). (B) Rice leaves were

inoculated with M. oryzae expressing MoNUDIX:mRFP and MoBas4:eYFP. MoBas4:

eYFP (green) shows apoplastic localization outlining the invasive hypha

(arrowheads). In the presence of BFA, MoBas4:eYFP (green) is retained in the

fungal endoplasmic reticulum (ER) (asterisks), but MoNUDIX:mRFP (magenta)

remains BIC localized (arrow), imaged with the same transformant at 3 hours

after exposure to BFA. (C) Secretion of MoNUDIX into the rice cell. Rice leaves

inoculated with M. oryzae expressing MoNUDIX:mRFP and analyzed 48 hpi.

For concentration of the intracellular mRFP signal, we used plasmolysis with

0.5 M KNO3 before imaging. eYFP, enhanced yellow fluorescent protein; iH,

invasive hyphae; p, rice protoplast after plasmolysis; i, infected cell; cm, cell

membrane of protoplast. Scale bars, 10 mm.
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increase the expression of the RUBY reporter

when compared with the corresponding Nudix

motif mutant proteins and the negative con-

trols (Fig. 5, B toD). Additionally,MoNUDIX
KKEE

results in reduced RUBY expression when

compared with WT MoNUDIX, consistent

with the reduced InsP6 binding affinity and the

lack of 5-PP-InsP5 hydrolysis observed in vitro

(Fig. 5, B and C). We also observe similar re-

sults when swapping the synthetic P1BS pro-

moter with the 1-kb promoter region from a

native N. benthamiana phosphate starvation–

induced gene (fig. S12, C to E). To confirm that

the increased release and activation of PHR re-

sults in the expression of phosphate starvation–

induced genes, we measured the transcript

abundance of NbSPX1 and NbPECP1, both of

which have multiple P1BS elements in their

promoters (fig. S12C) and are homologs of

established A. thaliana phosphate starvation–

induced genes (47). MoNUDIX and ChNUDIX

significantly increased the abundance ofNbSPX1

and NbPECP1 mRNA, when compared with

MoNUDIX
E79Q

, ChNUDIX
E78Q

, and a no effec-

tor protein control (fig. S12F). For all proteins,

accumulation in N. benthamiana leaf tissue

was detected using immunoblotting (fig. S12G).

To observe host transcriptome changes in-

duced by theNudix effectors during infection, we

completed RNA sequencing (RNA-seq) on un-

infected rice and rice at 72 hours postinoculation

with WT M. oryzae or M. oryzae
DDMoNUDIX

.

Overall, infection with bothWTM. oryzae and

M. oryzae
DDMoNUDIX

resulted in similar gene

expression changes in rice (fig. S13, A andB).We

completed gene ontology enrichment analysis

on genes up-regulated when comparing WT

M.oryzaewithM.oryzae
DDMoNUDIX

.Weobserved

the overrepresentation of genes involved in

typical responses to infection, including hydro-

gen peroxide catabolism and ethylene signal-

ing, as well as genes involved in the regulation

of phosphate starvation responses (fig. S13C).

Some gene expression differences may stem

from differences in disease symptoms be-

tween treatments (Fig. 1A). To distinguish

between transcriptome changes caused by

MoNUDIX and those resulting from differ-

ences in infection severity, we filtered out

transcripts up-regulated when comparing

both infection datasets with the uninfected

control (fig. S13D). After controlling for gen-

eral responses to infection, cellular response to

phosphate starvation emerged as the only sig-

nificantly enriched up-regulated biological

process in the comparison of WT M. oryzae

with M. oryzae
DDMoNUDIX

, which indicates

that MoNUDIX is responsible for inducing

phosphate starvation signaling during rice

infection (fig. S13E).

To investigate the potential activation of

PHRs by MoNUDIX during rice infection, we

examined the expression of genes previously

identified as directly regulated byOsPHR2 (15)

and responsive to phosphate supply in rice

shoots (48). There is a significant increase in
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the expression of ~50% of the OsPHR2 target

genes when comparing WT M. oryzae with

M. oryzae
DDMoNUDIX

(fig. S13F), which indicates

that MoNUDIX increases PHR-regulated gene

expression during rice infection. We also ob-

served that multiple OsPHR2 target genes had

significantly reduced expression levels in either

infection dataset when compared with the un-

infected control (fig. S13F), which suggests ad-

ditional MoNUDIX-independent regulation of

some PHR target genes during plant infection.

Because MoNUDIX is a PP-InsP hydrolase, we

assessed the expression of the six rice SPX

single-domain proteins (OsSPX1 toOsSPX6),

which act as PP-InsP receptors. We found that

OsSPX1, OsSPX2, OsSPX5, and OsSPX6 were

all up-regulated in the presence of MoNUDIX,

whereas OsSPX3 was expressed at very low

levels in our samples, and OsSPX4 gene ex-

pression levels remained constant across treat-

ments (fig. S13G). OsSPX4 is the only OsSPX

gene not up-regulated during phosphate star-

vation (49). Overall, the RNA-seq results indi-

cate that the presence of MoNUDIX during

infection inducesphosphate starvation signaling

in rice. To further investigate MoNUDIX-

induced phosphate starvation throughout the

infection process, we used quantitative poly-

merase chain reaction (qPCR) to determine

the expression of SPX1 and induced by phos-

phate starvation 2 (IPS2) in two different rice

cultivars infected with either WTM. oryzae or

M. oryzae
DDMoNUDIX

at four time points. Both

genes were up-regulated in WT infection when

compared with M. oryzae
DDMoNUDIX

, and the

increase in expression peaked at 72 hours

postinfection (fig. S13H), which corresponds

with the timing of MoNUDIX expression (33).

Collectively, our data demonstrate that the

enzymatic activity of the Nudix effectors

disrupts SPX-PHR binding, activates PHRs, and

increases phosphate starvation–responsive

gene expression in N. benthamiana and rice,

all consistent with PP-InsP hydrolysis in plants.

Discussion and conclusions

On the basis of our data, we propose the fol-

lowing model describing the function of

MoNUDIX (fig. S14A). First, the effector is trans-

located into host plant cells. Once inside, it

functions as PP-InsP hydrolase enzyme, effec-

tively uncoupling PP-InsP levels from intracel-

lular phosphate availability. This induces a

plethora of physiological changes typically asso-

ciated with phosphate starvation that ultimate-

ly promote disease.

Phosphate is an essential but often limiting

nutrient for plant growth, and plants have

evolved sophisticated mechanisms to regu-

late phosphate homeostasis. Our results show

that pathogenic fungi can disrupt plant phos-

phate sensing using Nudix hydrolase effectors.

We present evidence that the Nudix effectors

from Magnaporthe and Colletotrichum spp.

hydrolyze PP-InsPs in host plants, though

the exact downstream mechanism by which

this enhances disease symptoms remains

unclear. Several possibilities exist, including

increased transcription of immune-suppressing

genes regulated by PHR transcription factors

(50, 51), altered jasmonate perception owing to

the PP-InsP cofactor requirement of the COI1

jasmonate receptor (18, 19, 45), and that ele-

vated intracellular phosphate levels from star-

vation responses could benefit fungal nutrition.

In support of the Nudix effectors suppressing

immunity to promote disease, we observed that

the activity of MoNUDIX and ChNUDIX sup-

presses ROS production in N. benthamiana

after immune elicitation (fig. S14B), and the

silencing of MoNUDIX during rice infection

leads to increased ROS accumulation (fig. S2,

E and F). Ultimately, disentangling the various

potential mechanisms through which PP-InsP

hydrolysis promotes disease will be difficult,

and it is likely that multiple pathways regu-

lated by PP-InsPs influence disease symptoms.

Despite this, our results demonstrate that the

PP-InsP–regulated mechanism or mechanisms

that the Nudix effectors are exploiting to exa-

cerbate disease are conserved across diverse

plant linages.

Nudix hydrolases from A. thaliana were

reported to hydrolyze PP-InsPs in vitro and

in plants (52). Ectopic expression of the A.

thaliana proteins in N. benthamiana resulted

in the increased expression of a phosphate

starvation reporter gene, similar to our find-

ings with the Nudix effectors. This suggests

that fungal Nudix effectorsmight have evolved

to mimic endogenous plant Nudix hydrolases

to promote disease.

The critical role of PP-InsPs in plant-microbe

interactions is not limited to pathogens with

Nudix effectors. Plant-AMF symbiosis is regu-

lated by the PHR family of transcription fac-

tors (13–16), which in turn are regulated by

PP-InsP levels. Likewise, the A. thaliana root

microbiome and root colonization by the

mutualistic fungusColletotrichum tofieldiae are

both influenced by plant phosphate signaling

through AtPHR1 (53, 54). Furthermore, A.

thalianamutants defective in PP-InsP synthe-

sis exhibit enhanced susceptibility to necrotro-

phic fungi (45). Given the critical role of

phosphate sensing in plant-microbe inter-

actions, we anticipate that future studies

will identify more microbial effectors that

target PP-InsP signaling to enhance plant

colonization.
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CHEMICAL PHYSICS

Quantum interference observed in state-resolved
molecule-surface scattering
Christopher S. Reilly1*, Daniel J. Auerbach2, Liang Zhang3, Hua Guo3, Rainer D. Beck1

Although the dynamics of collisions between a molecule and a solid surface are ultimately quantum

mechanical, decohering effects owing to the large number of interacting degrees of freedom

typically obscure the wavelike nature of these events. However, a partial decoupling of internal

molecular motion from external degrees of freedom can reveal striking interference effects

despite significant momentum exchange between the molecule and the bath of surface vibrations.

We report state-prepared and state-resolved measurements of methane scattering from a

room-temperature gold surface that demonstrate total destructive interference between molecular

states related by a reflection symmetry operation. High-contrast interference effects prevail

for all processes investigated, including vibrationally excited and vibrationally inelastic collisions.

The results demonstrate the distinctly quantum mechanical effect of discrete symmetries in

molecular collision dynamics.

T
he wave nature of matter, as described

by the laws of quantum mechanics, is

most directly manifested by interfer-

ence phenomena. The first interference

effects demonstrating the wave nature

of atoms and molecules were observed by

Immanuel Estermann and Otto Stern in 1930,

just a few years after the advent of quantum

mechanics, in the form of diffraction peaks in

angular distributions measured for beams of

helium (He) and molecular hydrogen (H2) scat-

tering from the surface of a lithium fluoride

crystal (1). Diffraction of larger molecules, such

as methane (CH4), from crystalline surfaces is,

however, much more difficult to observe owing

to the dominating background of incoherent

scattering events associated with collisional

generation of surface phonons (quanta of

surface vibrations) (2). Phonon generation

is much stronger for these systems because

of not only the better mass matching between

the molecule and the heavy surface atoms but

also the stronger van der Waals–mediated ac-

celeration of impinging molecules (3, 4). Co-

herent diffraction effects associated with elastic

scattering therefore in general exert only aminor

influence on measured angular distributions

for larger molecules.

Despite the decohering influence of phonon-

mediated momentum transfer, strong inter-

ference phenomena in surface collisions may

nonetheless persist if the surface vibrations

fail to couple to some subset of the molecule’s

internal degrees of freedom. In this event,

quantum interference may manifest itself not

in the angular distribution of the scattered

molecules but rather in the distribution of

population among the molecule’s different

rovibrational states. Notably, the interference

effect that we investigated in this work applies

only to molecules with some nontrivial low-

energy internal structure (see supplementary

text) so that the greater internal complexity of

a polyatomicmolecule, such as CH4, relative to

closed-shell atoms and diatomicmolecules, such

as He and H2, serves in this context not tomask

but rather to reveal quantum behavior.

A close analogy exists between the rovibra-

tional state interference effect that we report

in this work formethane scattering from a gold

1Institute of Chemical Sciences and Engineering (ISIC), École
Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzerland. 2Max Planck Institute for Multidisciplinary
Sciences, Göttingen, Germany. 3Department of Chemistry
and Chemical Biology, Center for Computational Chemistry,
University of New Mexico, Albuquerque, NM, USA.
*Corresponding author. Email: christopher.reilly@epfl.ch

Fig. 1. Analogy between double-

slit interference and methane-

surface collisions. (A) In an

electron (e–) double-slit experiment,

interference occurs between

states Lj i and Rj i, related to one

another by a reflection about the

system symmetry axis (dashed

line), producing an oscillating inten-

sity pattern p(x) created by elec-

trons striking a fluorescent screen.

If a 180° phase shifter (gray

rectangle) is placed between the

source and one of the slits,

destructive interference occurs at

the point x0 lying on the symmetry

axis. (B) In a scattering event

between a methane molecule and a

solid surface, the probability p+ for a transition to a reflection-symmetric state fþ

�

�

�

from an antisymmetric state yj i is zero if the molecule-surface interaction is

symmetric with respect to reflection, resulting in zero absorption of laser light tuned resonant with fþ

�

�

�

. In both scenarios, S represents the operator transforming the initial

state yj i to its postscattering state S yj i.

A B
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(Au) surface and the phenomenon of two-slit

interference, the quintessential hallmark of

wavelike behavior (5). It is worthwhile to clear-

ly establish in what way the two effects are

analogous. Figure 1A illustrates the classic

electron double-slit experiment, which, for

the purposes of the analogy, is modified to in-

clude a phase-shifting element (6, 7) (gray

rectangle). In this experiment, the left and

right slits serve to respectively select the mo-

mentum states Lj i and Rj i, and the state Rj i is
subjected to a 180° phase shift, Rj i→� Rj i,
resulting in the preparation of a quantum

state yj i ¼ Lj i � Rj i at the slit exits. A fluo-

rescent screen placed after the slits serves as a

detector, where a well-known sinusoidal inter-

ference pattern is observed (8).

In particular, destructive interference oc-

curs at the point x0 exactly between the two

slits, resulting in a minimum in the measured

screen intensity. The reason for this can be un-

derstoodby considering the reflection symmetry

(dashed line) of the system. The intensity at a

point x on the screen is proportional to the

probability p(x) for an electron to be found at

this location, which, according to the laws of

quantum mechanics, is equal to the squared

modulus of the complex amplitude xh jS yj i,
where xj i corresponds to a state localized at x,

S is the operator transforming an initial state

yj i to the state S yj i obtained after scattering

from the two slits to the screen, and xh jS yj i is
the overlap between the states xj i and S yj i.
For the initial state yj i considered in this ex-

ample, this amplitude is a coherent difference

xh jS Lj i � xh jS Rj iof the amplitudes associated

with the two slits. Upon a reflection S of the

system about its symmetry axis, the states Lj i
and Rj i are interchanged so that S Lj i ¼ Rj i
and S Rj i ¼ Lj i, whereas the state x0j i is equal
to its reflection S x0j i because the point x0 lies
on the symmetry axis. In addition, by virtue of

the system symmetry, we can also say that, for

any initial state y′j i, a reflection SS y′j i of the
scattered wave S y′j i must be equal to the scat-

tered wave SS y′j i produced by the reflected

copy S y′j i of the initial state (i.e., S and S

commute). From these considerations, it fol-

lows that the amplitudes x0h jS Lj iand x0h jS Rj i
are equal, as:

x0h jS Rj i ¼ x0h jSS Lj i ¼ x0h jSS Lj i ¼ x0h jS Lj i

ð1Þ

This explains the destructive interference ob-

served at the point x0 because:

P x0ð Þ ¼ x0 Sj jyh ij j2 ¼ x0h jSj jLi � x0 S Rj ij j2
�

¼ x0h jSj jLi � x0 S Lj ij j2 ¼ 0
�

ð2Þ

One can more generally conclude that any

initial state composed of a negative superpo-

sition Lj i � Rj iof two states Lj iand Rj i related
by reflection S will, after evolving through a

S-symmetric system, necessarily experience

destructive interference when projecting onto

final states that are themselves S symmetric.

As stated earlier, a completely analogous

interference effect occurs between the rovibra-

tional states of a methane molecule during a

collision with a gold surface. A conceptual

illustration of the scattering experiment is

shown in Fig. 1B. A methane molecule in its

rovibrational ground state yj i exists in a nega-

tive superposition Lj i � Rj i of quantum states

Lj i and Rj i related to one another by a mirror

reflection (see supplementary text). A colli-

sion with the surface will induce transitions

from the ground rovibrational state yj i into
excited rovibrational states fj i, with the prob-

ability p fj ið Þ for a given transition yj i→ fj i
equal to the squared modulus of the ampli-

tude fh jS yj i, where S is the operator acting

to transform an initial state to its postcollision

state. As in the case of double-slit interference,

the amplitude of a transition will be the co-

herent difference of the amplitudes associated

with the states Lj i and Rj i. However, unlike

the double-slit case in which these amplitudes

are determined simply by the path length of

their associated trajectories, the amplitudes

associated with different rovibrational transi-

tions are, in general, very difficult to determine

owing to the large number of participating de-

grees of freedom and the complexity of the

associated potential energy surface (9).

Despite this, strong selection rules forbid-

ding certain transitionsmay nonetheless prevail

if the system possesses a reflection symmetry,

permitting one to relate the transition ampli-

tudes fh jS Lj i and fh jS Rj i. In this event, one

again recovers Eq. 2, which forbids scattering-

induced transitions from a state yj i that is

antisymmetric with respect to reflection (or of

“odd” reflection parity s = –1), to states fþ

�

�

�

that are symmetric with respect to reflection

(of “even” reflection parity s = +1). No anal-

ogous symmetry restrictions on the other

hand exist for transitions yj i→ f�j i between

two states of odd s so that such processes can,

in general, occur.

Therovibrational statesofmethanearegrouped

into energy levels that are classified by pairs of

quantum numbers (J, P) consisting of a quan-

tum number J quantifying the squared angu-

lar momentum J(J + 1) (in units of ℏ2) and an

inversion parity P (not to be confused with re-

flection parity s) equal to +1 or –1, depending

on whether the states in the level are respec-

tively even or odd under an inversion x → –x

of the coordinates of the nuclei composing the

molecule. Within each energy level, there are

2J + 1 states J ;MJ ;Pj i corresponding to the

different possible projectionsMJ ¼ �J ;…; J of

the angular momentum vector onto an axis per-

pendicular to the surface (the “surface normal”).

The reflection parity s of the states J ;MJ ;Pj i
with MJ ¼ 0 with respect to any symmetry

plane containing the surface normal is deter-

mined by the product:

P �1ð ÞJ ≡ sPJ ð3Þ

Thegroundrovibrational state J ¼ 1; MJ ¼ 0;j
P ¼ �1i, for example, has an odd reflection

parity, justifying our earlier assertion that

this state can be represented by an antisym-

metric superposition Lj i � Rj i of mirror-image

states. Incidentally, the symmetric superposi-

tion Lj i þ Rj i produces a hypothetical state

J ¼ 1;MJ ¼ 0;j P ¼ þ1i that is essentially

degenerate with the ground state but whose

existence is forbidden by the requirement of

antisymmetry under permutation of meth-

ane's four identical hydrogen nuclei (10).

In contrast with the states with quantum

number MJ ¼ 0, those with MJ ≠ 0 have no

definite reflection symmetry, in the same way

that, in the two-slit experiment, a final state

x1j i corresponding to a point x1 not located

on the symmetry axis can be written as a com-

bination 1
2

x1j i þ �x1j ið Þ þ x1j i � �x1j ið Þ½ � of

states of even and odd reflection parity. There-

fore, energy levels with J > 0 containing states

with MJ ≠ 0 are necessarily of mixed reflection

parity, whereas those with J = 0 containing just

a single state J ¼ 0;MJ ¼ 0;Pj i are of a pure

reflection parity s = sP0 = P.

Because the different states J ;MJ ;Pj i oc-

curring in an energy level (J, P) are degen-

erate, our spectroscopic detection technique

cannot distinguish them and instead returns

a signal proportional to the incoherent sum
XþJ

MJ¼�J
p J ;MJ ;Pj ið Þ of the state transition

probabilities over an energy level. Therefore,

even with preparation of an initial state of

pure reflection parity, the existence of only a

single reflection symmetry plane will not, in

general, yield signatures of interference in

final levels with J > 0, as every such level will

necessarily contain stateswithMJ>0 ofmixed

reflection parity that can be coupled by scat-

tering to the initial state. If, however, we sup-

pose that the scattering system is symmetric

with respect to every plane containing the sur-

face normal, then the implied continuous ro-

tational symmetry gives rise to a well-known

DMJ = 0 scattering selection rule correspond-

ing classically to conservation of the projection

of angular momentum about the symmetry

axis. Scattering from an initial level (Ji, Pi) with

Ji = 0 to a final level (Jf, Pf) will therefore only

populate the MJ = 0 state of the final level,

which is of pure reflection parity sPfJf
. If this

reflection parity is not equal to that of the

initial state, then the corresponding transition

probability should be zero.

Collecting the levels (Jf, Pf) of equal Pf, one

therefore expects, in light of Eq. 3, an alterna-

tion between strongly populated levels to very

weakly populated levels as one goes from a

level of “allowed”sPfJf ¼ Pi reflection parity to
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an adjacent level of necessarily “forbidden”

reflection parity sPf JfT1 , mimicking the prob-

ability oscillations of the double-slit interfer-

ence pattern p(x). We herein use the term

rovibrational state interference (RSI) to refer to

the suppression of certain scattering channels

owing to the quantum interference effect just

described. In this work, we report the obser-

vation of high-contrast RSI signatures in our

quantum state–prepared and quantum state–

resolved experiments of methane scattering

from a gold surface, revealing an infinite-fold

reflection symmetry in the molecule-surface

interaction never before observed inmolecule-

surface scattering.

Quantum state preparation and detection

Figure 2A presents a schematic diagram of our

experimental technique, which uses a contin-

uous molecular beam of rovibrationally cold

methane that, before scattering from a clean

and well-ordered (111) facet of a monocrys-

talline gold sample, is excited by a continuous-

wave infrared (CW-IR) laser (the pump laser)

tuned resonant to a transition between two ro-

vibrational levels of methane. A second CW-IR

laser (the tagging laser) tuned to another rovibra-

tional transition transfers energy to scattered

molecules occupying the lower level Lf = (Jf, Pf)

of the transition, and this absorbed energy is

detected by a cryogenic bolometer, which cap-

tures the scattered molecules. We could inde-

pendently vary the incident angles qi and the

scattering angles qs and found that, for a given qi,

the relative qs-resolved transition probabilities

were insensitive to qs (fig. S2). For the measure-

ments reported in the section “Methane scatter-

ing experiments”, the angles qswere selected for

largeobservedor expectedmolecular flux (tables

S1 to S6). The initial kinetic energy Ei of the

molecules is controllable, and the energies used

range from 100 to 240 meV. In comparison,

upon approaching the Au(111) surface, a meth-

ane molecule gains an additional estimated

150meV of kinetic energy (4) owing to attractive

van der Waals interactions mentioned earlier.

To study scattering originating from an en-

ergy level Li = (Ji, Pi), where themolecules are

vibrationally excited, the pump laser was tuned

to drive a transition, taking molecules from a

highly populated level in the ground vibra-

tional state manifold (v = 0) to the vibration-

ally excited level Li, whereas the frequency of

the tagging laser was modulated at a frequency

ft so that the response of the bolometer at ft
provided a relative measure of the Li→ Lf scat-

teringprobability. Tomeasure relative scattering

probabilitiesLi→Lfwhen Li andLf are in the

v= 0manifold, a heterodyne techniquewas used,

where the pump laser was tuned to transfer pop-

ulation out of the level Li and the laser inten-

sity was modulated at a frequency fp > ft. The

intensity modulation served to generate in the

bolometer response a beat note of frequency

fp – ft, the amplitude of which was independent

of contributions to the scattered population in

Lf originating from any other levels L′i ≠ Li

populated in the incidentmolecular beam. For

further details, refer to the materials and meth-

ods and previous work (11).

Methane scattering experiments

Figure 2B presents CH4/Au(111) scattering mea-

surements for molecules originating in the

ground state rovibrational level Li, which, as

we noted earlier, contains just a single state

v ¼ 0 J ¼ 0;MJ ¼ 0;P ¼ �1j i . Plotted is the

recorded bolometer response as the wavelength

of the frequency-modulated (FM) tagging laser

is scanned across a rovibrational transition with

lower level Lf = (Jf, Pf), producing a character-

istic FM absorption line shape. We note that,

for all the experiments presented in this work,

we only probed final levels Lf belonging to the

same nuclear spin species (12) as the initial

level Li, since collisional interconversion be-

tween the different species is, before consider-

ation of any RSI effects, already expected to be

very weak on account of the absence of strong

magnetic interactions between the molecule

and the nonmagnetic gold surface.

The values Jf = 6, 9, and 10 were found to be

the only ones for which levels of both inver-

sion parities Pf = ±1 exist and for which at least

one of these levels was significantly populated

in the scattered flux. For each of these val-

ues, there is, for a given Jf, one parity channel

clearly dominating over the other. Moreover,

the suppressed parity level for each Jf is the one

whose suppression is predicted on the basis of

RSI, as the associated MJ = 0 state reflection

paritys ¼ sPf Jf ¼ þ1of these levels is opposite

to that of the initial state.

We are unable to explain such striking dis-

parities in themeasured transition probabilities,

as high as 20:1 for Jf = 6, without consideration

of interference effects. The wave function f– of

a state in a weakly populated level (Jf, Pf) can

always be expressed as a superposition f– =

fl – fr of wave functions fl and fr that only

couple together through very weak centrifugal

effects (13, 14) and can be added together to

form a wave function f+ = fl + fr of a state in

the strongly populated level of equal Jf but

opposite inversion parity. The relative phase

in the superposition f+ = fl ± fr has therefore,

on one hand, a negligible influence on the mol-

ecule’s energy and angular momentum but, on

the other hand, a decisive influence on the tran-

sition probability in scattering. See fig. S1 for a

concrete example of thesewave functions for the

MJ = 0 states of the (J = 6, P = ±1) levels.

RSI effects are also seen for surface colli-

sions ofmolecules in vibrationally excited states.

Figure 3, A and B, presents rovibrational state

transition probabilities for vibrationally elastic

scattering of molecules in the antisymmetric

stretchingmode fundamental (n3). Similar to

v = 0, the n3manifold has a distinct J = 0 level

of odd inversion parity. However, in contrast

to v= 0, for which the J= 0 level belongs to the

meta-CH4 nuclear spin species, the J = 0 level

of the n3 manifold belongs to the ortho-CH4

species, which has a rovibrational state struc-

ture roughly three times denser than the meta

A B

Fig. 2. Experimental diagram and v = 0 scattering results. (A) Schematic diagram of experiment.

A molecular beam of CH4 scatters from a Au(111) surface held at room temperature (300 K). A pump

laser is used for rovibrational state preparation before scattering, and a tagging laser combined

with a bolometer detector permit rovibrational state–resolved population measurements of the scattered

molecules. The incident angle qi and scattering angle qs, defined with respect to the surface normal

(dashed line), are independently variable. (B) FM tagging laser absorption lines probing CH4 energy

levels v = 0(Jf, Pf) populated by vibrationally elastic transitions from the ground rovibrational level v = 0

(Ji = 0, Pi = –1) induced by collisions with a Au(111) surface at an incident angle qi = 35° and kinetic

energy Et = 210 meV. The scattering angle qs at which measurements were made is Jf dependent

(table S1). Each pair of traces of equal Jf are uniformly rescaled so that the taller traces of each pair

all have the same height. Measurements are represented by points, and the curves, included as guides,

are derivative-normal fits.
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species (12). When this fact is combined with

the three-fold degeneracy of the n3 vibrational

mode, the result is that, for moderate values

of J, there exist several ortho-CH4 n3 levels for

each inversion parity P, which explains why

there are, for example, five populations plotted

for each Pf for Jf = 6.

For scattering originating from the Ji = 0

level (Fig. 3A), the results were remarkable. For

each final level inversion parity Pf, the transition

probabilities exhibited a pronounced alternation

between strong and weak with an increment-

ing of the rotational quantum number Jf. The

alternationwas also seen to be staggered for the

two different inversion parities Pf = ±1 and

phased so that it was again the levels with posi-

tive sJfPf
that are suppressed, in conformance

with the expectation that these channels will

be RSI-suppressed in scattering originating

from the (Ji = 0, Pi = –1) initial level of purely

odd reflection parity. We note in passing that

the RSI-forbidden (Jf = 5, Pf = –1) transition

probabilities were found to be no stronger on

average than those measured for the neighbor-

ing channels Jf= 4 and 6, theirmore prominent

appearance on the plot owing rather to the nor-

malization convention used (see caption of Fig.

3) and the anomalously low population mea-

sured in the RSI-allowed Jf = 5 channels.

The transition probability distributions com-

pletely change when the molecules were in-

stead prepared in the rotationally excited Ji = 2

level (Fig. 3B). In this case, there was no dis-

cernible correlation in the transition proba-

bilities with the final-level product sJfPf . The

absence of RSI effects here is explained by

the significant population of states MJ≠0 in

the initial level, which will, as explained in the

introduction, possess RSI-allowed scattering

channels to any final level (Jf > 0, Pf).

Although the RSI effects demonstrated thus

far concern scattering from levels with Ji = 0,

we note that, by an identical logic, an analogous

effect should exist for scattering into levels

with Jf = 0. Figure 3C presents absorption

traces probing n3→ n3 scattering into the (Jf =

0,Pf= –1) level from two levels, Ji= 1 and Ji= 2,

also of odd inversion parity. For the initial

level Ji = 1, which has a positive sPiJi
, no mea-

surable population was detected in the nega-

tive sPfJf final level, whereas this same level

was significantly populated when the Ji = 2

level of positive sJfPf was prepared.

RSI effects were also found to strongly influ-

ence transition probabilities in vibrationally

inelastic collisions, taking molecules from the

n3 (Ji = 0, Pi = –1) level to levels in the sym-

metric stretchmode fundamental (n1). Despite

the nondegeneracy of the n1 vibrational mode,

ortho-CH4 levels of both inversion parity oc-

curred for all states Jf ≥ 3, with 18 total levels

contained in the range 3 ≤ Jf ≤ 8. Scattering

results for these levels are summarized in Fig.

3D in the form of “parity ratios” obtained by

dividing the average of the RSI-allowed Pf ¼
� �1ð ÞJf transition probabilities by that of the

RSI-forbidden levels Pf ¼ �1ð ÞJf . These ratios,
approaching 10:1 at low Jf, show that RSI ef-

fects, though not quite as pronounced as those

observed for n3→ n3 scattering, nonetheless

exert a dominating influence on the transition

probabilities even for these more exotic scat-

tering processes. We note that, for the three

lowest plotted parity ratios (Jf = 6, 7, and 8),

the RSI-forbidden channels are all below or

just at the detection threshold so that reported

parity ratios represent lower limits determined

by the noise floor of our tagging measurements.

n3 → n1 transitions in collisions with Au(111)

were already known from recent work by our

group to be rare (15), almost five times less likely

than for collisions with Ni(111) under identical

conditions (16). This fact we tentatively attributed

to the limited catalytic activity of the chemically

inert Au(111) surface toward methane activa-

tion (15, 17). In these previous studies, only the

n3 (Jf = 1, Pf =+1)meta-CH4 level was prepared,

precluding observation of RSI phenomena. The

new observation of RSI signatures in these vibra-

tionally inelastic processes sheds light on their

mechanism. Their relative rarity might, for ex-

ample, suggest that these events occur only at

steps and other defects sparsely populated on

the surface. Surface defects are, however, sites

where a continuous reflection symmetry would

be expected to be broken so that scattering into

RSI-forbidden channels will be, in general, per-

mitted. That scattering into these channels is

still highly suppressed suggests that n3→ n1
processes at Au(111) are not restricted to sur-

face defect sites.

In addition to the RSI channel suppression

effects so far reported, the existence of a con-

tinuous reflection symmetry should also give

rise to a strong collisional alignment of molec-

ular rotation in rotationally inelastic collisions.

In particular, the associated DMJ = 0 scattering

selection rule implies that, on excitation from a

rotationless Ji= 0 level to a rotationally excited

Jf > 0 level, only theMJ = 0 state of the excited

level will be populated, where the quantization

axis about which the projectionMJ is measured

corresponds to the surface normal (dashed lines,

Fig. 4A). The rotational properties of molecules

scattering into a particular rovibrational level

are, in other words, completely determined by

the direction of the surface normal.

Rotational alignment of molecules in a given

rovibrational level is evidenced by a polariza-

tion dependence in the line strength of a tran-

sition in which the level is a participant (see

materials and methods). Our experimental

geometry permits rotation of the surface and

rotation of the tagging laser polarization about

parallel axes (illustrated by angles qi and qt, re-

spectively, in Fig. 4A). Figure 4B presents three

traces that demonstrate the effect of rotations

of the surface on the bolometer response R(qt)

+1
-1

p
ro

b
a

b
ili

ty

(n
o

rm
.)

+1
-1

p
ro

b
a

b
ili

ty

(n
o

rm
.)

A

B

C

D

Fig. 3. CH4/Au(111) scattering for Pi = –1 molecules in n3 vibrationally excited state. For all

measurements, the incident angle qi = 35°. (A and B) Vibrationally elastic n3 → n3 transition probability

distributions for levels Jf > 0. Bar heights for transitions of equal Ji and Jf are uniformly scaled to give a fixed

height for the most probable transition, and transitions of equal Jf and Pf are ordered from left to right

by energy. Estimated transition probabilities and corresponding uncertainties are compiled in table S7. Norm.,

normalized. (C) FM absorption lines for n3 → n3 transitions for Jf = 0 and Ji > 0. A derivative-normal fit

is applied as a guide. Arb., arbitrary. (D) Parity ratios for n3 → n1 vibrationally inelastic scattering. For

Jf = 3, 4, and 5, the vertical bars indicate 1s uncertainty, whereas for Jf = 6, 7, and 8, the markers represent

lower bounds. For n3 → n3 transitions, levels Jf < 4 and Jf ≥ 4 were respectively measured with an

incident kinetic energy Et of 100 and 210 meV. For n3→ n1 transitions, Et = 100 and 240 meV for Jf < 6 and

Jf ≥ 6, respectively. For selected scattering angles qs, see tables S2 to S5.
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to the polarization of the tagging laser tuned to

probe scattering from the v = 0 meta-CH4 scat-

tering from Ji=0 into theRSI-allowed Jf=6 level.

If the surface normal serves as a continuous sym-

metry axis, then a rotation qi→ qi + Dqi should

result in a perfect translation R(qt)→R(qt – Dqi)

of the polarization response curve, which is pre-

cisely what the measurements reflect.

Notably, despite limited signal to noise, mea-

surements in the RSI-forbidden Jf = 6 channel

reveal a clear signature of strong rotational align-

ment that is indistinguishable in form from

that of the RSI-allowed channel (Fig. 4C). RSI-

forbidden transitions from a Ji = 0 level can

occur either (i) through DMJ ≠ 0 collisions re-

sulting from a breaking of the continuous ro-

tation symmetry or (ii) throughDs ≠ 0 collisions

resulting from a breaking of reflection sym-

metry (or both). The similarity of the polariza-

tion response curves for the two Jf = 6 channels

suggests that the RSI-forbidden transitions re-

ported here occurred through mechanism (ii).

Discussion

Several general conclusions follow from our

results. We first discuss the implications of the

strict MJ quantum number conservation re-

quired for RSI channel suppression. The large

parity ratios we observed for scattering from

Ji = 0 levels, greater than 80:1 for the Jf = 2

n3→ n3 channels, indicate aMJ state purity in

the RSI-allowed levels heretofore unobserved

in molecule-surface scattering. Whereas previ-

ous scattering studies of diatomic molecules

from anAg(111) surface (18, 19) have reported a

strong propensity for collisional population of

states of low |MJ| relative to Jf, the polarization-

based techniques used, combined with the re-

latively large Jf values involved, do not permit

distinction of population in quantum states of

neighboring MJ. The RSI phenomenon, in this

sense, offers specifically “quantum” insight into

the rotational scattering dynamics.

The high degree of MJ conservation we ob-

served in turn implies a high degree of flatness

of theAu(111) surfacewith respect to themethane

molecule’s rotationalmotion. This flatnessmani-

fests not only in our measurements but also in

electronic structure calculations, which show the

potential anisotropy for molecular rotations

about the surface normal to be far weaker than

that about axes parallel to the surface (Fig. 4D).

We emphasize that this degree of flatness is cer-

tainly not the rule inmethane-surface scattering.

RSI parity ratios extracted from similar measure-

ments reported for CH4 scattering from Ni(111)

(11), another close-packed metal surface, are

never greater than 3:1, and oxidation of this sur-

face ismoreover found to completely eliminate

any preference for sPJ-conserving channels.

Another equally significant implication of

the reported results concerns the molecule’s

translational degrees of freedom (i.e., molec-

ular center-of-mass motion). As mentioned,

quantum signatures in the form of diffraction

peaks for larger molecules such as CH4 are

typically obscured by exchange of momentum

between the molecule and the surface, partic-

ularly at noncryogenic surface temperatures

(2, 20–24). The presence of very-high contrast

interference effects in the rovibrational state

transition probabilities reported in this work

for a room-temperature surface implies that

molecular rotation in the plane parallel to the

surface must be strongly decoupled from the

decohering influence of the bath of surface vi-

brations. This is further attested to by the lack

of any signification variation observed in the

measured RSI parity ratios across the phonon-

broadened range of scattering angles qs over

which significant scattering occurs (fig. S2).

Lastly, we note that these results serve as a par-

ticularly cogent illustration of the role of sym-

metry in quantum mechanics. To explain the

striking regularities in the scattering measure-

ments reported here, we consider the existence

of a continuous family of reflection symmetries

in themolecule-surface interaction. These sym-

metries are all discrete in that their action re-

sults always in a finite change in the molecular

coordinates. In a classical context, discrete sym-

metries are confined to a limited role (25) owing

to the inapplicability of Noether’s theorem (26),

which concerns only infinitesimal symmetry op-

erations. The quantum mechanical principle of

superposition elevates the role of reflections

and other discrete symmetries (27). The high-

contrast interference phenomena that we re-

port in this work are a product of precisely this

interplay between symmetry and superposition

and demonstrate that, even for complex room-

temperaturemolecular scattering systems, quan-

tum mechanical effects can dominate. These

findings therefore not only contribute to our

fundamental understanding ofmolecule-surface

Fig. 4. CH4/Au(111) rotational

alignment measurements

and potential energy curves.

(A) Schematic of v = 0 collisional

alignment measurements. See

Fig. 2A for a description of

unlabeled elements. (B) Tagging

laser polarization scans for various

incident angles qi. Measured

scattering angle qs depends on

incident angle qi (see table S6).

(C) Comparison of polarization

scans for RSI-allowed Pf = –1 and

RSI-forbidden Pf = +1 channels

and qi = 35° and qs = 36.4°.

Polarization response is defined to

have a fixed mean of unity. For

all measurements, Et = 210 meV.

(D) Cuts of the CH4/Au(111)

potential energy surface for rota-

tions about the molecule center-

of-mass at the Et = 100 meV

classical turnaround point. The

three-dimensional model of

molecule and surface atoms indi-

cates for both traces the molecular

orientation at rotation angle of

0°, and the color-coded arrows indicate the corresponding rotation axes. See the materials and methods for details on the construction of the potential energy surface.

A

C

B

D
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interactions but might also find application in

quantum information science.
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HYDROGELS

Hydro-locking in hydrogel for extreme
temperature tolerance
Xiaochen Zhang1†, Dong Li1†, Xuxu Yang2,3,4,5†*, Lei Wang1, Guo Li1, Tuck-Whye Wong2,

Tiefeng Li2,3,5*, Wei Yang2, Zisheng Luo1,4*

Hydrogels consist of cross-linked polymers that are highly swollen with water. Water evaporation or

freezing during temperature changes may lead to stiff and brittle hydrogels. We introduce a strategy

called “hydro-locking,” which involves immobilizing the water molecules within the polymer network

of the hydrogel. This is accomplished by establishing robust connections between water molecules and

the polymer by using sulfuric acid. A sacrificial network is introduced to shield the prime polymer

network from collapsing. Under the hydro-locking mode, an alginate-polyacrylamide double-network

hydrogel remains soft and stretchable within a temperature range that spans from –115° to 143°C. The

strategy works with a range of hydrogels and solutions and may enable the preservation and observation

of materials or even living organisms at extreme temperatures.

H
ydrogels, composed of water-filled cross-

linked polymer networks, have been

studied and used in tissue engineering

(1, 2), flexible electronics (3, 4), and soft

robotics (5, 6). Enhancements in poly-

mer networks have rendered hydrogels highly

stretchable and tough (7–9). However, unlike

elastomers with intrinsic entropic elasticity,

hydrogels rely on the presence ofmobile water

molecules for their flexibility (10). Consequent-

ly, such dependency causes hydrogels to be-

come stiff and brittle when subjected to water

loss through evaporation or freezing during

temperature change.

Locking water molecules within the polymer

network of a hydrogel and maintaining its

mobility are crucial for preserving the mecha-

nical properties of the hydrogel across a broad

temperature range (10). Current approaches

involve substituting water with other liquids,

increasing the phase transition temperature

of the hydrogels. These solvents include ionic

liquids (11) and aqueous solutions of inorganic

salts (12, 13), nonvolatile organic compounds

such as trehalose (14), zwitterionic osmolytes

(15), and combinations thereof (16, 17). Ionic

liquid gels exhibit a wide temperature range;

however, they tend to absorb moisture from

the air, leading to performance degradation

over time (18, 19). Aqueous solutions can in-

corporate additional components to raise the

energy barrier for water transformation from

a disordered to an ordered ice structure (20),

reducing the freezing temperature of the sol-

vent, typically between –20° and –80°C. The

freezing temperature of the substituted sol-

vent thus determines the lower temperature

boundary of the hydrogel. Because water boils

at 100°C at ambient pressure, the upper tem-

perature threshold of hydrogels in these aque-

ous systems typically remains below 80°C (16, 21).

In hydrogels of substituted solvents, the water

molecules are still mobile, leaving risks for their

transition into ice or departure from the hydro-

gel, rendering the polymer network fragile.

Design and preparation for hydro-locking

In this study, we achieved the stabilization

of hydrogels at temperatures that surpass the

typical liquid-phase temperature range of

aqueous solutions through complete “hydro-

locking,” in which a majority of the water

molecules are securely immobilizedwithin the

polymer network of the hydrogel, preventing

their departure or transformation into ice.

Sulfuric acid (H2SO4) demonstrates robust

binding capabilities to water (22), as well as

to polymers through ionic interactions and

hydrogen bonds (Fig. 1A) (23). A single H2SO4

molecule can form multiple hydrates, with

the binding energy surpassing 60 kcal mol
−1

for hexahydrate (22). At elevated concentra-

tions, H2SO4 can dehydrate hydrogen and hy-

droxy groups within polymer networks (24).

During this dehydration process, acidifica-

tion and sulfating reactions occur, and H2SO4

binds to polymers by displacing protonable

groups, such as hydroxy groups, on the poly-

mer chains (25).

We used an alginate-polyacrylamide double-

network hydrogel (DN-gel) as themodelmate-

rial and treated it with H2SO4 to demonstrate

the hydro-locking strategy (Fig. 1A). The DN-

gel was initially immersed in H2SO4 solutions

of varying concentration to create sulfuric

hydrogel (S-gel). During immersion, H2SO4
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Fig. 1. Hydro-locking strategy and the phase transition temperature of

S-gels. (A) A double-network hydrogel has a large proportion of free water among

their polymer networks. H2SO4 molecules lock all water molecules on the polymer

networks of hydrogels. (B) DSC measurements of S-gel and CS-gel demonstrate

that no phase transition occurs between –115° and 143°C. The temperature

range exceeds that of the liquid state of the binary H2SO4-H2O system. (C) DSC

measurements of various hydrogels from –150° to 25°C. The temperature regions

of the glass transition (Tg), cold crystallization (Tcc), and freezing (Tf1 and Tf2)

are highlighted. The disappearance of these peaks signifies a reduction in free

water molecules. (D) Comparison of thermodynamic events with phase diagram

of the H2SO4-H2O system from –175° to 25°C. Diamonds indicate the Tg and

Tf emphasized in (C). The phase change progresses of the binary H2SO4-H2O system

are indicated in gray. Circles inidcate ice transition (26). The dashed line indicates

the lowest freezing temperature of the binary H2SO4-H2O system as a eutectic melting

of ice and H2SO4 hydrates (27). The shaded area indicates the range of Tg for the

binary H2SO4-H2O system (37).
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reacts with the polymer chains, particularly

alginate, leading to hydrolysis of glycosidic

linkages and sulfation of hydroxy groups.

Meanwhile, the H2SO4 molecules are con-

nected on the surface of the polymer chains,

spatially extending the area where the poly-

mer could lock water molecules and accom-

plishing it by forming H2SO4 hydrates. The

reactions generate fragments and branched

structures of glycosyl polymer chains (Fig. 2A).

Subsequently, we carbonized the S-gel in a

60°C oven for more than 48 hours, resulting

in a fully carbonized sulfuric hydrogel (CS-gel).

In the CS-gel, alginate chains degraded fur-

ther, forming carbon dots that attach to and

cover the main polyacrylamide chains, pre-

venting it from overreaction with H2SO4 and

collapse (Fig. 3).

Characterization and validation of

hydro-locking

Hydro-locking induces a delay in the phase

transition of all components within the hydro-

gel. Differential scanning calorimetry (DSC)

results revealed a singular glass transition

event for both S-gel and CS-gel, occurring at

glass transition temperatures (Tg) of –123° and

–115°C, respectively (Fig. 1B). This phase tran-

sition temperature is 42°C lower than the low-

est freezing temperature (Tf) recorded for the

H2SO4-H2O binary system (26). The H2SO4 so-

lution exhibited a tendency to avoid nuclea-

tion at low temperatures (27), aligning with

the characteristic of hydrogel to inhibit nu-

cleation (28), which contributes to the low

phase-transition temperature. Hydro-locking

also eliminates the evaporation of water from

the hydrogel. DSC results showed an exother-

mic peak, with an onset temperature at 143°C,

instead of an endothermic peak. A wide endo-

thermic peak followed at >300°C that corre-

sponded to the evaporation of the H2SO4-H2O

binary solution (Fig. 1B). These results dem-

onstrated that the hydrogel did not exhibit a

phase transition across a temperature range

from –115° to 143°C.

We validated the success and impact of

hydro-locking with a comparative analysis of a
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Fig. 2. Reactions and interactions in S-gels. (A) Chemical structures of alginate

and polyacrylamide and structure alterations of them after treated with H2SO4.

(B) FTIR spectra of DN-gel, S20, S40, and CS-gel in the range of 700 to 1300 cm−1.

The shoulder peak in S20 assigned to C–O stretching is indicated with an arrow,

and the peaks related to H2SO4 are indicated in green. (C) Raman spectra of S20, S30,

S40, and CS-gels from 300 to 800 cm−1. The peaks related to HSO4
– and/or

SO4
2– ions are indicated in green. (D) FTIR spectra of DN-gel, S20, and S40 in the

range of 2800 to 3600 cm−1. In (B) to (D), the changes in the peak intensity

highlighted in yellow characterize [(A), top] the hydrolysis of alginate and [(A),

bottom] the acidification of polyacrylamide. They exhibit a concentration-dependent

manner, indicating stronger reactions and acidification upon increased acidity.

(E) Raman spectra of S20, S30, and S40 gels at –130°C from 2500 to 4000 cm−1. The

highlighted area indicates the peak for –NH2 symmetric stretching. The disappear-

ance of this peak indicates that –NH2 groups are being grafted by H2SO4 hydrates.
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series of S-gels on their phase-transition behav-

iors (Fig. 1C). At lower H2SO4 concentrations,

as seen in the S10 gel (the number indicates

the H2SO4 concentration), we observed two

peaks, at –3°C (Tf1) and –76°C (Tf2). As the

H2SO4 concentration increased, as seen in the

S20 and S30 gels, two endothermic peaks ap-

peared above –50°C (Tf1) and around –73°C (Tf2),

along with an exothermic peak connected to

Tf2 representing the cold crystallization pro-

cess (Tcc) and a Tg at around –120°C. Tf1 is

associated with the ice crystallization, which

diminishes with increasing H2SO4 concentra-

tion (Fig. 1D). The area of this peak, with higher

H2SO4 concentration, decreases to 2.15% of

S10 at S30 gel, indicating reduced overall water

mobility (details andmolar ratio analysis based

on the enthalpy changes acquired from the

DSC diagrams and the heat of fusion for H2O

and H2SO4 hydrates are provided in the sup-

plementary text, with results in table S1). Tf2
matches the phase-transition temperature of

H2SO4 hydrates (27, 29). The area of this peak

initially increases around 24-foldwith the rise in

H2SO4 concentration from S10 to S20 and then

decreases to about 27% of its value at S20 as the

concentration further increases from S20 to

S30. The emergence of Tg signifies the creation

of a new phase, which we posit as being the

H2SO4 hydrates grafted onto the polymer net-

work. At sufficiently highH2SO4 concentrations,

as in the S40 gel, the peaks of Tf1, Tf2, and Tcc

disappeared, and only the Tg remains. In this

case, an adequate amount of H2SO4molecules

serve as anchors, connecting both the water

molecules and the polymer chains. Therefore,

a vast majority of water molecules are locked

by H2SO4 as H2SO4 hydrates and grafted onto

the polymer network of the hydrogel.

Fourier transform infrared (FTIR) andRaman

spectroscopy helped to identify the reactions and

acidification during the forge of hydro-locking

(Fig. 2, B toD). In theFTIRspectra, the intensity of

the peak at around 1102 cm
−1
for C–O stretching

in CH–OH reduces evidently in S-gels, indicating

the hydrolysis of alginate. The process can also

be characterized by the reduction of the peaks

in Raman spectra at 644 and 701 cm
−1
for sym-

metrical stretching of ring deformation and

glycosidic linkage, along with the peaks at 530

and 562 cm
−1
for the deformation vibration of
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Fig. 3. Structure properties of S-gels and in situ carbon dots. (A to

D) Optical and scanning electron microscope (SEM) images illustrating the

microscope morphology of polymers in (A) PAAm-gel after treating with

H2SO4 and heating in an oven at 60°C, (B) S-gel, (C) CS-gel, and (D) PVP

hydrogel after treating with H2SO4 and heating in an oven at 60°C (PVP-gel).

The arrows indicate the discontinuous filaments in PAAm-gel and protective

carbon layer in CS-gel and PVP-gel. (E) Transmission electron microscopy

images of carbon dots extracted from the CS-gel. (F) FTIR spectra of

CS-gel washed by DMSO and DMSO from 800 to 1400 cm−1. The peaks at

1020 cm−1 and 1221 cm−1 indicate the organo sulfate groups, which

(G) connect carbon dots to the PAAm chains. (H) Optical and UV images

of CS-gel washed with DMSO. The images were obtained with an inverted

fluorescence microscope (Leica DMi8, Leica Biosystems, Germany) equipped

with an excitation light source of 340 to 380 nm.
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C–C–C and C–O–C. The hydrolysis of alginate

not only binds sulfate groups onto the polymer

networks and extends the area of locking water

molecules spatially but also facilitates the sac-

rifice of alginate during the protective carbon

layer formation at the later carbonization pro-

cess. The H2SO4 molecules are also connected

to the polymer chains through ionic interactions

based on acidification. Such a process produces
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acidified groups such as amide cation, result-

ing in a shoulder peak in the FTIR spectra near

3200 cm
−1
assigned to the stretching vibration

of N
+
–H.

The hydro-locking was further validated by

detecting the binding status of water on the

polymer chains at various temperatures. In

the Raman spectra, a peak between 3100 and

3200 cm
−1
represents –NH2 symmetric stretch-

ing in the acrylamide monomer. This group

is typically obscured by water or other solvent

molecules through hydrogen bonding, render-

ing it undetectable (30). Only upon the full

detachment of solvent molecules from poly-

mer networks by freezing does –NH2 become

exposed, allowing the peak to manifest (fig.

S1A). The presence of this peak serves as an

indicator of the binding state of polymer with

the solvent molecule, which is typically water

and, in this case, also H2SO4 hydrates. Raman

spectroscopy of the S-gels was conducted at

various temperatures (Fig. 2E and fig. S1). In the

presence of ample free water, as in S20, –NH2

covered by free water was exposed at –50°C

when the water freezes. By increasing the

H2SO4 concentration, water molecules were

captured by H2SO4, forming H2SO4 hydrates.

Hence, the peak of –NH2 symmetric stretching

remained indistinct at –50°C but appeared

at –100°C and lower temperatures. In S40, the

peak of NH2 symmetric stretching did not

emerge at any tested temperature. This is at-

tributed to the strong connections forged be-

tween –NH2 groups and H2SO4 hydrates. The

covering of H2SO4 hydrate persisted even at a

temperature of –130°C, which is below the Tg
of S40, when the entire system vitrifies.

At elevated temperatures, the CS-gel under-

goes a phase transition at around 140°C, which

diverges from conventional hydrogels that typ-

ically desiccate at the water boiling point of

100°C.

Thermogravimetric analysis (TGA) and DSC

analysis were performed to investigate the dif-

ference (figs. S2 and S3). Heating from 30°C,

the H2SO4 exhibits varying water absorption

capacities, and theH2SO4 solution is gradually

concentrated as theH2SO4hydrates lose bound

water. Each temperature corresponds to a dif-

ferent water content in the hydrogel once the

hydrogel achieves equilibrium, thus locking in

different amounts of water. The boiling point

of the H2SO4 solution increases with the solu-

tion concentrating and reaches higher than that

of water, so the concentrating process con-

tinues above 100°C. At around 140°C, we ob-

served an exothermic peak in the DSC curve of

CS-gel, representing a degradation process ra-

ther than evaporation.We synthesized a series

of CS-gels with varying contents of acrylamide

and alginate, treated them with different con-

centrations of H2SO4 solutions, and carbon-

ized them at temperatures ranging from 60°

to 140°C. The reactions between H2SO4 and

polymer components were consistent, result-

ing in almost identical onset temperatures of

the degradation process at around 140°C and

peak temperatures at around 180°C. The reac-

tion degrades the polymer components and

generates products such as CO2, which cause

an additional decrease in mass.

Further investigations into the performance

of CS-gels at temperatures exceeding 140°C

reveals that at around 200°C, at which the ex-

othermic peak has been passed, the reaction

gradually slows down because the polymer net-

work has collapsed. The decreasing rate of

mass loss in the TGA results also slows down

at around 200°C. The disrupted polymer net-

works fail to graft the H2SO4 hydrate, causing

it to leak, forming cavities inside the hydro-

gels, and the hydrogel dries into a sponge-like

structure (fig. S4). The H2SO4 solution that

leaks from the hydrogel gradually evaporates

and becomes more concentrated as the tem-

perature rises. The concentrating continues

beyond 300°C, the highest boiling point of the

H2SO4-water binary solution (31), generating a

strong endothermic peak at around 300°C

(Fig. 1B and fig. S3).

Protective carbon dot layer in CS-gel

We used a DN-gel as the model hydrogel to

prevent network collapse during the reaction

with H2SO4 (Fig. 3 and fig. S5). In a single-

network hydrogel of polyacrylamide, treating

and reacting with H2SO4 at 60°C leads to chain

cleavage, network fragmentation into discon-

tinuous filaments, and degradation into a vis-

cous liquid (Fig. 3A). However, in a DN-gel, the

alginate network sacrificially reacts with H2SO4,

creating a carbon shield around the acrylam-

ide network (Fig. 3C). This sacrificial process

occurs during the heat treatment, changing

the hydrogel from transparent to black as car-

bon attaches to the remaining networks, pre-

venting further degradation and leaving a higher

proportion of the amino group from the poly-

acrylamide (fig. S6). The generation of carbon

is proportional to the content of alginate (fig. S7)

and affects the mechanical properties of the

DN hydrogel. After treatment, a DN gel with

1.5 wt % alginate and 21 wt % polyacrylamide

exhibits a modulus of 48.6 kPa and a stretch-

ability of 5.34-fold (fig. S8 and table S2).

We used dimethyl sulphoxide (DMSO) to

remove the free H2SO4 in the CS-gel and com-

pared it with DMSO in the FTIR spectra (Fig.

3F and fig. S9). Although the peaks at 1160 and

876 cm
−1

representing free H2SO4 are absent,

in the FTIR spectra of the DMSO-washed CS-

gel we observed peaks at 1020 cm
−1

contrib-

uting to the S–O–C group of sulfate ester and

at 1221 cm
−1
contributing to the –SO3

–
group of

organometal sulfate. The FTIR spectra revealed

that the surface of the remaining acrylamide

network is covered by smooth carbon based

on the organo sulfate groups. We observed the

generated carbon to be in the form of carbon

dots (32), with diameters ranging from 1.98

to 4.06 nm in a weighted arithmetic mean

measured with a Zetasizer (fig. S10). We ob-

served the in-plane lattice spacing of the (100)

facet of graphite, and the distinguishable lat-

tice fringes (2.3 Å) of carbon dots was high-

lighted (Fig. 3E). These carbon dots protect the

polymer networks (Fig. 3G) and exhibit fluo-

rescence (Fig. 3H and fig. S11).

Generality for hydro-locking strategy

The hydro-locking strategy can be achievedwith

solutions other than H2SO4 and is applicable

to various hydrogels. DMSO is a widely used

biocompatible solvent in life science and can

form strong hydrogen bonds with water and

the hydrophilic groups on polymer networks

(33). We treated the DN-gel with DMSO solu-

tions (figs. S5E and S12A) and found that the

hydrogel exhibited an extended functional tem-

perature range with increasing DMSO con-

centration. We detected a broad functional

temperature range expending to –125°C at a

DN-gel treatedwith a 60wt%DMSO solution.

We also used the 60 wt % DMSO solution to

treat the CS-gel. Such a treatment not only

prevents the potential damage that may be

caused by the H2SO4 on the surface of the CS-

gel but alsomaintains the wide functional tem-

perature range of the CS-gel (fig. S13).

We also demonstrated the strategy using a

poly(N-vinylpyrrolidone) (PVP) hydrogel (Fig.

3D and figs. S5 and S12). A single network hy-

drogel typically collapses during the treatment

of H2SO4 (Fig. 3A). However, PVP hydrolyzes

in an acidic medium, leading to the breaking

of an amide bond (34). The reactive side chain

of PVP hydrolysis in the presence of H2SO4

(fig. S14) will further be carbonized during

treatment below 60°C in an oven (Fig. 3D). The

carbons cover the main chains of the polymer

to prevent them from collapsing under con-

tinuous high temperature. Consequently, the

PVP hydrogel has an extended functional tem-

perature range from –112° to 135°C. (fig. S12B).

The DMSO-treated PVP hydrogel showed sim-

ilar results with a functional temperature range

expanded to –122°C (fig. S12A).

Stretchability of CS-gel at

extreme temperature

Hydro-locking in hydrogels maintains their

softness and high stretchability under extreme-

ly low and high temperatures. We conducted

tensile tests using a dynamic thermomechan-

ical analyzer (DMA) (Fig. 4). We also tested a

DN-gel for comparison, representing themech-

anical properties of most tough hydrogels. At

room temperature, the DN-gel exhibited ex-

cellent stretchability and toughness. However,

after reaching equilibrium at low temperature

(–80°C, held for 5 min in the DMA chamber),

the DN-gel froze when the water within the
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polymer networks froze, becoming brittle. A

similar phenomenon was observed at 140°C

(the gels were preequilibrated in an oven for

24 hours at the required temperature, held for

5min in theDMA chamber), wheremost water

evaporated from the network, making the

DN-gel crispy and distorted, rendering the

sample barely stretchable (Fig. 4, A and C).

We observed that the treatment with H2SO4

reduced the performance of the DN-gel, with

the stretchability decreased to 50% (Fig. 4, D

and E) and the toughness decreased to 30%.

We attribute this performance degradation to

the degradation of alginate and the decrease

in the ionic cross-linker of the alginate network

when the SO4
2–
combineswith the cross-linker

Ca
2+
. The modulus and toughness of the hy-

drogel degrade when the cross-linker density

and the energy dissipator decrease (7). How-

ever, their properties are better preserved in

the CS-gel at extreme temperatures (Fig. 4D

and fig. S15). A CS-gel undergoes an increase

in modulus and a decrease in stretch limit

but remains soft. The modulus of the CS-gel

increased 1.1-fold from room temperature to

–80°C and 1.8-fold from –80° to –100°C, ow-

ing to the exponential growth in the viscosity

of H2SO4 hydrate with decreasing temperature

(35). For better presentation, we preserved

a CS-gel in a –80°C chamber for more than

24 hours, and it resisted stretching and twist-

ing (Fig. 4B, fig. S16, andmovie S1). At elevated

temperatures as high as 140°C, the CS-gel re-

tained its shape and stretchability (Fig. 4, B

and D). The stress-strain curve of a CS-gel at

140°C is parallel to and slightly higher than

that at 25°C (fig. S17). The modulus did not

differ much from that at 25°C. When the in-

fluence of temperature was eliminated, the

modulus increased significantly, indicating that

the CS-gel softens at 140°C comparedwith 25°C

(fig. S17 and supplementary text)

We also tested the stretchability of CS-gel

at 140°C under an oil bath, which provides a

stabler and more homogeneous thermal envi-

ronment, and the test validated its thermal

stability (fig. S18 and movie S2). The results

demonstrate the softness of the CS-gel within

the temperature range from –100° to 140°C.

Our results were compared with recent works

on hydrogel materials that tolerate wide tem-

perature ranges, derived from nonvolatile

organic solutions (NO), inorganic salts (IS), het-

erogeneous network organohydrogels (OH),

ionic liquids (IL), or zwitterionic osmolytes

(ZO) (fig. S19 and table S3).

Functionality and application

After washing the CS-gels, we captured a fluo-

rescence image by exposing the hydrogel under

ultraviolet (UV) light at 340 to 380 nm, show-

ing a bright blue emission light with a peak

emission wavelength at 461 nm (figs. S11 and

S20). The color of the emission light also cor-

responds to the diameter of the carbon dots

(fig. S10). The washing process lowers the con-

centration of carbon dots to prevent quench-

ing. Without the washing process, the gel was

black, and the concentration of carbon dots

was too high to generate a clear image (Fig. 3H

and fig. S11A). Because the carbon dots orig-

inate from the reaction of alginate and H2SO4,

the fluorescence intensity can be controlled by

altering the alginate content (figs. S11, C to E,

and S20C and movie S3).

The CS-gel can serve as a resistive strain-

pressure sensor across an extended temper-

ature range. During fabrication, conductive

components, including sulfate ions and carbon

dots, were introduced to the CS-gels. Conse-

quently, the CS-gel exhibited a conductivity

of about 1.27 S m
−1

(fig. S21A). Maintaining

stretchability over an extended temperature

range, the CS-gel preserves its conductivity.

Measurements from –80° to 140°C show that

the CS-gel retains 22.17% of the conductivity

at –20°C and 0.07% at –80°C. At elevated tem-

peratures, conductivity increases, reaching

3.26 Sm
−1
at 140°C. The temperature-dependent

behavior of conductivity correlates with the

characteristics of a semiconductor, in which

electron mobility increases with temperature

(36). We applied mechanical loadings to the

hydrogels within an electric circuit. Relative

resistance alteration (DR), with DR representing

the difference between the real-time resist-

ance R and the initial resistance R0, was mea-

sured. Stretching and pressing increased DR,

which diminished if the load was released (Fig.

4F and fig. S21B). DR/R0 curves also displayed

a clear step-like trend during step-by-step

stretching-releasing cycles (fig. S21C). In cyclic

loading at an extended temperature range,

DR/R0 changed smoothly and evenly (movies

S4 and S5).

Summary

We demonstrated a strategy of hydro-locking

in hydrogel by connecting the majority of water

molecules to the hydrogel network. The hy-

drogel, with complete hydro-locking, exhibits

strong stability in extreme temperatures and

maintains its softness and stretchability in the

range of –115°C to 143°C. This hydro-locking

strategy is proved applicable to various hydro-

gels with appropriate connecting agents.
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ACTINIDE CHEMISTRY

Berkelium–carbon bonding in a
tetravalent berkelocene
Dominic R. Russo1,2†, Alyssa N. Gaiser1†, Amy N. Price1,2†, Dumitru-Claudiu Sergentu3,4†,

Jennifer N. Wacker1, Nicholas Katzer1,2, Appie A. Peterson1, Jacob A. Branson1,2, Xiaojuan Yu5,

Sheridon N. Kelly1,2, Erik T. Ouellette1,2, John Arnold1,2, Jeffrey R. Long1,2,6,7,

Wayne W. Lukens Jr.1, Simon J. Teat8, Rebecca J. Abergel1,2,9*, Polly L. Arnold1,2*,

Jochen Autschbach5*, Stefan G. Minasian1*

Interest in actinide–carbon bonds has persisted since actinide organometallics were first investigated

for applications in isotope separation during the Manhattan Project. Transplutonium organometallics

are rarely isolated and structurally characterized, likely owing to limited isotope inventories, a scarcity of

suitable laboratory infrastructure, and intrinsic difficulties with the anaerobic conditions required.

Herein, we report the discovery of an organometallic “berkelocene” complex prepared from 0.3

milligrams of berkelium-249. Single-crystal x-ray diffraction shows a tetravalent berkelium ion between

two substituted cyclooctatetraene ligands, resulting in the formation of berkelium–carbon bonds. The

coordination in berkelocene resembles that of uranocene, and calculations show that the berkelium

5f orbitals engage in covalent overlap with the d-symmetry orbitals of the cyclooctatetraenide ligand p

system. Charge transfer from the ligands is diminished relative to uranocene and other actinocenes,

which maximizes contributions from the stable, half-filled 5f7 configuration of tetravalent berkelium.

M
odern organometallic chemistry can

be traced to the elucidation of a “sand-

wich” structure for ferrocene, Fe(Cp)2
(Cp = C5H5), in the early 1950s by

Wilkinson, Fischer, and colleagues (1, 2).

These reports nearly coincided with the discov-

ery of twoactinide elements, berkelium (Bk) and

californium (Cf), whichwere reported by Seaborg

and colleagues in 1950 (3, 4). Despite this, for

many years the fields of organometallic and

actinide chemistry followed essentially sepa-

rate trajectories. In contrast to Fe(Cp)2, the

first Cp complexes of actinides were highly re-

active and air-sensitive (5), and actinide alkyl

and carbonyl complexes—which are ubiquitous

for d-block metals—were far too unstable to iso-

late (6). Interest in organoactinide chemistry

was reignited with the synthesis and struc-

tural characterization of uranocene, U(COT)2
(COT = C8H8), in the late 1960s by Streitwieser,

Raymond and colleagues (7, 8). U(COT)2 had re-

markable thermodynamic stability compared

with actinide Cp complexes, which was at-

tributed to the COT ligands being a better

match for the U 5f orbitals in terms of size, en-

ergy, and symmetry (9). By 1976, all the actino-

cenes of the formAn(COT)2 (An= actinide), from

Th through Pu (10–12), as well as the lanthanide

analogwith Ce, cerocene (13), were characterized.

Save for some early microscale studies (14, 15),

the organometallic chemistry of transplutonium

elements remained undeveloped until recently.

The isolation and characterization of the tri-

valent Am and Cf complexes with Cp ligands,

Am(Cp
tet
)3 and [Cf(Cp

tet
)3Cl2K(OEt2)]n (Cp

tet
=

C5Me4H), reported by Gaunt and colleagues in

2019 and 2021, respectively, constituted the

first structural verifications of An–C bonds for

elements beyond Pu (16, 17). Ultraviolet–visible–

near-infrared (UV-vis-NIR) spectroscopy and

electronic structure calculations suggest that

the bonding in these trivalent transplutonium

organometallics is largely ionic in nature.

Several characteristics of An(COT)2 complexes

make them ideal subjects for spectroscopic

and theoretical investigations of actinide co-

valency. Their high symmetry enables mix-

ing of the 5f and 6d orbitals with the ligand

frontier orbitals to form molecular orbitals of

local s, p, d, and f symmetry (18–23). The pres-

ence of an inversion center also restricts 5f- and

6d-orbital hybridization, which can complicate

analyses of bonding. Further, the greater metal

charge found in tetravalent actinocenes stabil-

izes the An 5f and 6d orbitals relative to tri-

valent actinide complexes, thereby reducing

the difference in energy with ligand orbitals

and enhancing covalent mixing (21). The dis-

covery of a transplutonium COT actinocene

would enable spectroscopic and theoretical

studies across the actinide series and show

howmodels of covalent bonding derived from

the chemistry of early actinides can be applied

to the transplutonium elements (24–26). How-

ever, the tetravalent oxidation state is difficult

to stabilize for transplutonium elements and

is particularly rare in molecular complexes that

can be isolated and characterized by single-

crystal x-ray diffraction (27). In targeting a

transplutonium actinocene for synthesis, we

noted that the tetravalent oxidation state is

more accessible for Bk compared with the

neighboring elements because of the sta-

bility of the associated half-filled 5f
7
electronic

configuration (28, 29). In this study, we de-

scribe our efforts to develop the organome-

tallic chemistry of tetravalent Bk, leading to

the discovery of tetravalent Bk actinocene,

or “berkelocene.”

Synthesis

Developing high-valent Bk organometallic

chemistry required overcoming several sci-

entific and technical challenges because of

the scarcity and high radioactivity of its most

readily available isotope,
249

Bk [t1/2 = 330(4)

days]. Recent progress in molecular transu-

ranium synthetic chemistry has provided the

tools necessary to explore the synthetic chem-

istry of Bk (25, 26). Synthetic protocols were

developed that are compatible with the air

and moisture sensitivity typical of organome-

tallics and reproducible even at ultrasmall

scales, while ensuring responsible steward-

ship of the precious and hazardous isotope.

For example, the entire experimental process,

from the first synthetic step through to isolation

and characterization of the final product, was

designed to be achievable within a ~48-hour

time frame. Short-duration experiments were

BkCl3(DME)n
Me3SiCl

DME

– HCl, (Me3Si)2O

1) 3.0 equiv. K2hdcCOT

2) 3.5 equiv. Ph3CCl

THF

– KCl, Ph3C•

BkCl3(H2O)x

[~ 0.3 mg 249Bk

+ 0.2 mg 249Cf] Bk(hdcCOT)2

Bk

Fig. 1. Synthesis of a tetravalent Bk metallocene, Bk(hdcCOT)2. The shorthand Ph3C• refers to the

radical by-product from reduction of Ph3CCl, which couples to form Gomberg’s dimer. Excess amounts of

Me3SiCl, K2hdcCOT, and Ph3CCl are used to ensure complete conversion to the Bk(hdcCOT)2 product even in

the presence of impurities due to the nature of small-scale synthesis (see SM, materials and methods).
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necessary to avoid potential product decom-

position and crystal disintegration due to ra-

diolysis and in-growth of
249

Cf, the primary

daughter of
249

Bk. Additionally, the synthesis

had to be resilient to
249

Cf impurities present

in the starting material (~0.2 mg or ~0.8 mmol

of Cf
3+
), while also accommodating excess re-

agents left over from preceding synthetic steps.

Crucially, no solvents or reagents could be used

that would impede future Bk reprocessing or

prevent proper disposal.

Synthetic protocols were designed for 0.5 mg

(2 mmol of total metal content) scale reactions

with all details of the procedure optimized in

advance using Ce as a nonradioactive and abun-

dant lanthanide surrogate to demonstrate re-

producibility. Chemical oxidation (28) and

electrolytic experiments have shown that the

Bk
4+
/Bk

3+
reduction potential and its sensitivity

to the surrounding ligand environment are com-

parablewith those of Ce
4+
/Ce

3+
(30–32). In addi-

tion to unsubstituted COT, small-scale cerocene

syntheseswere testedusing four substituted COT

ligands with different solubilizing and electron-

donating characteristics. The hdcCOT ligand

(hdcCOT = hexahydrodicyclopenta[8]annulene)

consistently provided the Ce(hdcCOT)2 complex

when using ~0.5 mg of Ce, and hence hdcCOT

was selected for subsequent Bk experiments [see

supplementary materials (SM)] (33, 34). Tetra-

valent cerocenes are best synthesized by oxidation

of a trivalent cerium complex (35, 36), so a variety

of organic oxidantswere also tested.Ultimately,

chlorotriphenylmethane (Ph3CCl) was selected

as an oxidant owing to waste management con-

straints (seeabove).All other reaction conditions,

including stirring times, solution concentrations,

and the relative ratios of each reactant were op-

timized in advance during these small-scale pre-

parations of Ce(hdcCOT)2 (see SM).

TheanhydrousprecursorBkCl3(DME)n (DME=

1,2-dimethoxyethane) was prepared as an off-

white solid by treating a pale-green sample of

hydrated BkCl3 with Me3SiCl in DME (Fig. 1)

(24, 26). After evaporation, the solid residue

was suspended in tetrahydrofuran (THF) and

3 equiv of K2hdcCOT were added to form a

yellow-orange solution. No color change was

observed after ~16 hours of stirring. Addition of

a THF solution containing 3.5 equiv of Ph3CCl

resulted in an immediate color change to indigo.

After work-up, evaporation of a n-pentane so-

lution yielded indigo crystals that were analyzed

by single crystal x-ray diffraction, confirming the

formation of Bk(hdcCOT)2.

Crystallography

The complex crystallizes in the space groupP�1

with the Bk atom positioned on an inversion

center and a hdcCOTcent(1)–Bk(1)–hdcCOTcent(2)
angle of 178.3(5)° (Fig. 2, A and B). The two

hdcCOT rings are rotated about the Bk-centroid

axis to form a pseudo-D2 symmetric structure,

withall four carbocyclic cyclopentane rings adopt-

ing a boat-like, all endo conformation (bending

toward the Bk atom). The average torsion angle

between the observed pseudo-D2 conformation

andaC2h (eclipsed) conformation is 55(2)° (c2; Fig.

2B). By contrast, Ce(hdcCOT)2 (see SM) crystal-

lizes in the space groupP21/c, exhibiting rigorous

D2h point symmetry, with the two carbocyclic

cyclopentane rings adopting a chair-like, exo-

endo conformation at low temperature. Notably,

uranocene adopts a range of structural confor-

mations depending on the nature of COT ligand

substituents (37–39). For Bk(hdcCOT)2, the po-

tential energy associated with the staggered-

to-eclipsed transformation for the endo system

is computed to benearly invariant between0° to

30° (see below).

The C–C bond distances in Bk(hdcCOT)2 are

between 1.40(2) and 1.42(3) Å, which is typical

of C–C distances in both substituted and un-

substituted COT ligands (33, 40–42). The Bk–C

distances range between 2.60(3) to 2.66(4),

and the average Bk–hdcCOTcent distance is

1.88(2) Å. With additional structural data for

other An(hdcCOT)2 complexes (43), the crystal

structure of Bk(hdcCOT)2 provides a new op-

portunity to compare changes in ligand coor-

dination across a large segment of the actinide

series. Comparisons of bond distance require a

precise definition of the metal’s coordination

number (CN), partially because ionic radii are de-

pendent on CN (44). Although there are 16 car-

bon atoms coordinated to the metal centers in

An(hdcCOT)2 complexes, CN is defined here as

equal to the formal number of electron pairs

that are available for donation to the Anmetal

from both hdcCOT ligands. Using nomencla-

ture from the ionic model of electron counting,

the cyclooctatetraene dianion is classified as an

L3X2, five–electron pair donor ligand (three dou-

ble bonds and twoanionic carbon atoms) (45).

Thus, a total of 10 electron pairs are involved

in bonding for An(hdcCOT)2 complexes, and

therefore the An ions have a CN of 10.

Because the ionic radii for An ions with CN

of 10 were not tabulated for all An, the ionic

radii for CN of 10 were determined from the

ionic radii for CN of 8, according to method-

ology described by Raymond and Eigenbrot

(see SM) (46). Figure 2C compares changes in

the An–C distances to the 10-coordinate ionic

radii. The central C8 ring of the hdcCOT ligand

has two types of C atoms: those bonded to the

carbocyclic rings (CC) and those bonded to H

atoms (CH). Figure 2C shows that M–CC dis-

tances are typically ~0.02 Å longer than M–CH
distances, which is attributed to differences in

the steric environment. Linear fits provide good

coefficients of determination (R
2
) of 0.956 and

0.992 for the An–CC and An–CH data, respec-

tively. Shorter An–CC and An–CH distances are

observed for metals with smaller ionic radii.

The strong linear correlation suggests that the

bond metrics may be well rationalized, solely on

the basis of changes in the metal ionic radii

(46); however, differences in crystallographic

disorder, local symmetry, space group, and crys-

tal packing effects cannot be fully ruled out.

UV-vis-NIR absorption spectroscopy

Absorption spectra of Ce(hdcCOT)2 and

Bk(hdcCOT)2 are provided in Fig. 3A. Intense

An–C
C

An–C
H

A B C
Th

U
Np

Pu

Bk

-

Fig. 2. X-ray crystallography. (A) Thermal ellipsoid (50%) plot of Bk(hdcCOT)2, viewed from the side and (B) down the centroid–Bk–centroid axis. (C) Plot of the

mean An–C distances (Å) in An(hdcCOT)2 complexes (An = Th, U, Np, Pu, and Bk) as a function of the 10-coordinate ionic radius of the metal cations. Refer to the

SM for details on the calculation of 10-coordinate ionic radii. Error bars are based on the standard deviation in the mean of chemically equivalent distances.
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features are observed in the visible region at 545

and 700 nm for Bk(hdcCOT)2 and at 500 and

600 nm for Ce(hdcCOT)2, which are commen-

surate with the purple-indigo colors observed

for both compounds. As described in previous

studies of Ce(COT)2 (35, 47), these bands are

assigned to ligand-to-metal charge transfer

(LMCT) transitions. Because the 4f
7
configura-

tion of Gd
3+
is analogous to the 5f

7
configuration

of Bk
4+
, we prepared [K(crypt)][Gd(hdcCOT)2]

as a reference for Bk(hdcCOT)2 (see SM, ma-

terials and methods). The UV-vis spectrum of

[K(crypt)][Gd(hdcCOT)2] is essentially feature-

less in this energy regime with its first absorp-

tion band appearing at 345 nm. In this regard,

the UV-vis spectrum [K(crypt)][Gd(hdcCOT)2]

closely resembles that of the ligand salt,

K2hdcCOT (fig. S10), which suggests that most

transitions in this spectral region are ligand-

based and not reflective of metal–ligand bond-

ing. The slight increase in energy for the LMCT

bands may reflect the higher energy of the Ce

4f orbitals relative to the Bk 5f orbitals, on the

basis of fourth ionization potentials (48, 49).

Compared with other known Bk
4+

compounds,

the lower energy of the LMCT bands for

Bk(hdcCOT)2 relative to Bk[3,4,3-LI(1,2-HOPO)]

(400 nm) (50) and Bk(IO3)4 (450 nm) (26) is

attributed to the higher energy of the ligand-

based C 2p versus O 2p atomic orbitals. Taken

together with theory (see below), these obser-

vations and assignments are consistent with

a Bk
4+

organometallic complex.

Electronic structure calculations

Density functional theory (DFT) calculations

(51) for isolated Bk(hdcCOT)2 predict a global

minimum structure with D2d symmetry and a

completely endo conformation of the carbo-

cylic cyclopentanes. At higher energy, within

19 kJ mol
−1
, are the endo-exo and exo-exo con-

formers (fig. S23). These structures have Bk–

hdcCOTcent and average Bk–ChdcCOT distances

of 1.88 and 2.61 to 2.65 Å, which are in ex-

cellent agreement with the experimental data

(see above). The potential energy profile asso-

ciated with the rotation between the calcu-

lated D2d conformer and the experimentally

observed D2h geometry for the endo hdcCOT

system is nearly flat between 0° and 30° (fig.

S24), suggesting that the observed geometry

of Bk(hdcCOT)2 in the crystal could easily be

due to crystal packing.

Relativistic complete active space (CAS) self-

consistent field wave function calculations of

all possible ligand-field spin states of the 5f
7

configuration for the Bk
4+

ion, followed by mul-

tireference treatment of the dynamic electron

correlation and treatment of spin-orbit coupling

(SOC), were performed for Bk(hdcCOT)2 and the

experimentally unknown Bk(COT)2. The result-

ing energy-level scheme (fig. S25) shows an
8
S7/2

groundstate, alongwith ligand-field-splitKramers

components of
6
D7/2 ion parentage around

1.69 eV (corresponding to a photon wavelength

of 733 nm). This energy, although somewhat

overestimated, matches that of the sharp f-f

transitions in the absorption spectrum at 913

and 927 nm (1.36 and 1.34 eV). Time-dependent

DFT calculations of LMCT states (table S17) yield

the most intense excitation around 500 nm

[2.48 eV, Perdew–Burke–Ernzerhof (PBE) func-

tional] and 450 nm (2.76 eV, PBE0), and assign

it to a dipole-allowed, z-polarized L-dg→ f-du*

transition. The calculations therefore support

the assignment of the experimental absorption

feature at 545 nm (2.27 eV) when considering

that previous calculations for M(COT)2 also de-

viated from experimental UV-vis-NIR absorp-

tion energies by up to ~0.5 eV (20). LMCT states

calculatednear the observedband at 700 nmare

assigned to L-du→ f-du* transitions, with small

oscillator strengths because of the parity selec-

tion rule; the increased intensity observed ex-

perimentally for these transitions may arise

fromvibronic coupling,whichwasnot accounted

for in the calculations.

The CAS calculations were also used to eval-

uate the ground state configuration, chemical

bonding, and the formal oxidation state for

both D2d-Bk(hdcCOT)2 and the unsubstituted

D8h-Bk(COT)2. When expressed in the basis of

metal-ligandhybridizednaturalorbitals, theground

state for D2d-Bk(hdcCOT)2 and D8h-Bk(COT)2
is dominated by the (L-dg)

4
(L-du)

4
f
7
d
0
configu-

ration. Thewave function is essentially single-

configurational (96% weight) when only the

ground spin-octet state is targeted in the cal-

culation. The ground state wave function was

used in all subsequent analyses. However, it

gradually becomes multiconfigurational when

excited states are included in the state averag-

ing. The (L-dg)
4
(L-du)

4
f
7
d
0
configuration has

87% weight in the ground state with a state

average of 1 octet and 14 sextets, and 64% with a

state average of 14 octet and 14 sextet states.

Similarly to what previous spectroscopic and

theoretical studies of bonding in early actinide

sandwich complexes have found (52), metal–

ligand covalency in D2d-Bk(hdcCOT)2 occurs

primarily in the doubly degenerate L-du and
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5f- u*

5f- u
nb
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nb

5f- u
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Fig. 3. Spectroscopic and theoretical analysis. (A) Experimental UV-vis-NIR

absorption spectra of Bk(hdcCOT)2 in n-pentane (blue) obtained from the

mother liquor solution compared with a spectrum of Ce(hdcCOT)2 in n-pentane

(orange). The inset shows an expansion of the LMCT region. Experimental

determination of extinction coefficients was precluded by the low sample

concentration and by the presence of soluble redox byproducts (e.g., Gomberg’s

dimer and neutral hdcCOT). Absorption features >400 nm are partially attributed

to Ph3C• and Gomberg’s dimer by-products formed during the oxidation with

Ph3CCl, which were not removed before the measurement (57). Sharp features at

913 and 927 nm are characteristic of f-f transitions, which could be associated

with the Bk4+(5f7) ion in Bk(hdcCOT)2 or with small amounts of Bk3+ (5f8) or

Cf3+ (5f9) impurities. (B) Qualitative valence molecular orbital diagram showing

the most important metal–ligand bonding interactions and ordering of the

nonbonding 5f orbitals from a CAS calculation targeting the ground state.

(C) Contributions from An4+ and An3+ configurations to the ground state (GS)

CAS wave functions of D8h-An(COT)2 (An = Th to Bk), expressed in an orbital

basis with localized du species. Data for Ce(COT)2 and Tb(COT)2 (55, 56)

are provided for comparison.
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L-dg orbitals (Fig. 3B), which have considerable

metalweights (22%5f and 26%6d, respectively).

To evaluate the oxidation state, the ground state

wave function can alternatively be expressed by

using ligand- and metal-localized linear combi-

nations of thebonding-antibonding du/du* pairs,

in which case the covalent ligand-to-5f donation

appears primarily through admixture of charge-

transfer configurations. Localization of the du

combinations on the metal and ligands, re-

spectively, was achieved by “rotation” (in orbital

space) between the bonding-antibonding pairs

(22° angle). This results in 70% weight of the

5f
7
(Bk

4+
) configuration for D8h-Bk(COT)2 and

D2d-Bk(hdcCOT)2 (Fig. 3C and fig. S26), indicating

that both are meaningfully assigned as formally

Bk
4+
3.Figure3Cpresents the compositionsof the

ground state wave functions forD8h-An(COT)2
with An = Th–Bkwhen expressed in the afore-

mentioned localized orbital sets, in terms of the

metal oxidation state. Following common prac-

tice for f-element complexes, the assignment of

themetal oxidation state is based on occupation

of the f shell and disregards donation involving

6d, 7s, or 7p shells. FromTh to Cm, in particular,

there is a clear preference of the central metal

for the trivalent oxidation state, especially be-

yond Np, which is in agreement with pre-

vious studies (20, 53, 54). A sharp decrease in

weight of the +3 configuration occurs be-

tween Cm(COT)2 (98%) and Bk(COT)2 (33%),

which is reflective of a decrease in net dona-

tion from the ligands into the 5f shell as both

systems increase the relative weight of the sta-

bility and chemical inertness of the 5f
7
config-

uration (20).

To understand how the stability of a half-

filled 5f
7
shell may lead to a greater weight of

the Bk
4+

configuration, Bk(hdcCOT)2 was com-

pared with its Ce and Tb analogs. Tb(COT)2 has

not been observed experimentally but was de-

scribed in earlier theoretical work as having a

ground state dominated by an 89% weight of

the ionic (L-dg)
4
(L-du)

3
f
8
d
0
configuration, cor-

responding to Tb
3+

(55, 56). This can be at-

tributed to the large fourth ionization energy

of Tb, which is similar to that of Cm (48, 49),

such that the Tb
4+

4f
7
configuration is com-

paratively high in energy and not sufficiently

stabilized by COT
2−

ligands. By contrast, the

overlap between 5f and ligand orbitals that is

evident in the natural orbitals for Bk(hdcCOT)2
(Fig. 3B) must have a stabilizing effect on the

Bk
4+

ground state. A substantial degree of 4f-

shell bonding is also apparent in the natural

orbitals for Ce(hdcCOT)2 and Ce(COT)2; how-

ever, a large amount of charge transfer into

formally empty 4f orbitals (in contrast to the

partially filled 5f orbitals in the Bk case)means

that these complexes have dominant Ce
3+
charac-

ter (Fig. 3C). The electron populations asso-

ciated with the pairs of metal-COT–localized

du orbitals are (L-du)
3.67

(f-du)
2.33

and (L-du)
3.15

(f-du)
0.85

for Bk(hdcCOT)2 and Ce(hdcCOT)2,

respectively. This suggests that the extent of

ligand-to-metal donation is farmore pronounced

with Ce 4f-du (0.85 electrons) than with Bk 5f-du
(0.33 electrons); that is, the berkelocene has a

dominant 4+ character.

Conclusions

The discovery and structural characterization

of Bk(hdcCOT)2 shows that Bk
4+
–C bonds can

be stabilized in high-valent Bk organometal-

lics and that organometallic complexes of rare

and radioactive isotopes can be isolated and

fully characterized starting from <0.5 mg of

metal. The experimental data provide an op-

portunity to test electronic structure models

across both the lanthanide and actinide series.

The stark differences between Bk
4+

and its

lanthanide analogs are peculiar, given that

Ce
4+

and Bk
4+

have similar reduction poten-

tials and that Tb
4+

and Bk
4+

both have half-

filled f shells. However, the half-filled Bk
4+
-5f

7

configuration is stabilized by the productive

metal–ligand overlap afforded by more radi-

ally extended 5f orbitals.
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NANOMATERIALS

Curvature-guided depletion stabilizes Kagome
superlattices of nanocrystals
Siyu Wan1†, Xiuyang Xia2†‡, Yutong Gao1, Heyang Zhang1, Zhebin Zhang3, Fangyue Wu1, Xuesong Wu1,

Dong Yang3, Tongtao Li1*, Jianfeng Li3*, Ran Ni2*, Angang Dong1*

Shape-anisotropic nanocrystals and patchy particles have been explored to construct complex superstructures,

but most studies have focused on convex shapes. We report that nonconvex, dumbbell-shaped nanocrystals

(nanodumbbells) exhibit globally interlocking self-assembly behaviors governed by curvature-guided depletion

interactions. By tailoring the local curvature of nanodumbbells, we can precisely and flexibly adjust particle

bonding directionality, a level of control rarely achievable with conventional convex building blocks. These

nanodumbbells can undergo long-range ordered assembly into various intricate two-dimensional superlattices,

including the chiral Kagome lattice. Theoretical calculations reveal that the Kagome lattice is a thermodynamically

stable phase, with depletion interactions playing a crucial role in stabilizing these non–close-packed structures.

The emergence of Kagome lattices and other unusual structures highlights the vast potential of nonconvex

nanocrystals for creating sophisticated architectures.

A
long-standing goal in the field of col-

loidal assembly is to create synthetic

superstructures that mimic or even sur-

pass the structural complexity found in

natural materials (1–6). Self-assembly

of colloidal nanocrystals (NCs) into superlat-

tices provides a programmable approach to

developing metamaterials with tailored opti-

cal, electronic, and catalytic properties (7–9).

Achieving this requires precise control over

the directionality of particle bonding, akin to

the specificity observed in molecular synthesis

(10, 11). This level of control is particularly im-

portant for designing intricate structures such

as low-symmetry, low-density lattices, which

rely on highly specific and directional inter-

particle interactions (12). However, most NCs

studied to date have simple convex shapes,

such as spheres and polyhedral. Such high

symmetry inherently limits the extent to which

directional interactions can be manipulated

(13, 14). Surface modifications, such as gen-

erating patchiness through site-specific func-

tionalization (15–17), can enhance interaction

specificity, but attaining the desired sur-

face characteristics is challenging. To achieve

the rational design of sophisticated architec-

tures, it is essential to develop new design

principles that enable NCs to selectively rec-

ognize and flexibly bond with neighboring

particles.

This study introduces nonconvex NCs, spe-

cifically nanodumbbells (NDs), as versatile

building blocks that offer specific and flexible

control over directional interactions through

local concave-convex curvature matching. Ad-

ditionally, we demonstrate that introducing

depletion interactions is essential for facili-

tating the long-range interlocking assembly

of NDs, resulting in the formation of diverse

and intricate two-dimensional (2D) superlat-

tices. These include non–close-packed archi-

tectures such as the Kagome lattice, a structure

of interest in condensed-matter physics and

materials science (18, 19), yet notoriously chal-

lenging to create with conventional convex

building blocks (20).

Synthesis and characterization of NDs

The NDs that we used were colloidal NaYF4:

Yb/Er@NaGdF4@NaNdF4 NCs, synthesized

following a reported method (fig. S1) (21). The

as-synthesized NDs were coated with oleic acid

ligands, ensuring their high colloidal sta-

bilitywhendispersed in nonpolar solvents such

as hexane (fig. S2). Transmission electron mi-

croscopy (TEM) tomography revealed that each

ND comprised two convex heads connected

by a concave waist (Fig. 1A and movie S1),

and high-resolution TEM (HRTEM, Fig. 1B)

and wide-angle electron diffraction (WAED,

Fig. 1C) confirmed its single-crystalline nature.

By optimizing synthetic conditions, we could

widely tune the waist width (d) of NDs while

keeping the length (L) and headwidth (D) rela-

tively constant at 60 ± 8 nm and 40 ± 7 nm,

respectively. We defined the concavity of NDs

using thewaist-to-headwidth ratio (d/D), with

a higher ratio corresponding to reduced con-

cavity. This parameter, continuously adjustable

between 0.4 and 0.9 (fig. S3), crucially influ-

enced the self-assembly behavior of NDs.

The selection of these NDs as nonconvex

building blocks was primarily motivated by

their geometric self-complementarity. Figure

1D presents the TEM images of three repre-

sentative ND shapes, named ND-1, ND-2, and

ND-3, corresponding to high, moderate, and

low concavity, with d/D ratios of ~0.4, ~0.6,

and ~0.8, respectively. These images were color-

coded to delineate the local curvature (k) along

the projected contours of the NDs (fig. S4) (22).

Further analysis revealed a consistent curva-

ture variation profile across different particle

shapes, transitioning smoothly from positive

in the head regions to negative at the waist

(fig. S5). Additionally, within the convex head

regions, the corners tended to exhibit higher

local curvature compared to the caps. Despite

differences in concavity, all of the NDs exhib-

ited self-complementarity in local curvature,

which would be crucial for promoting direc-

tional interparticle interactions. The concave

waist acted as a natural binding site, recog-

nizing and interlocking with the convex head

of another ND (Fig. 1E), akin to a lock-and-key

process (23).

ND self-assembly and superlattice formation

This concave-convex curvature fitting pro-

moted specific and stable bonding between

NDs, with the bond directionality flexibly ad-

justable through modulation of the local cur-

vature. To quantify the orientation between

two interlocked NDs, we introduced the align-

ment angle (q), defined as the angle between

the extensions of their longitudinal axes. This

angle reflects how NDs aligned themselves to
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achieve optimal curvature matching during

the self-assembly process.

To explore how concavity affects local par-

ticle packing, we dried a dilute hexane solu-

tion of NDs onto TEM grids and examined the

pairing configurations of interlocked NDs. We

identified three primary concave-convex fitting

modes in ND pairs (Fig. 1F). High-concavity

NDs (d/D< 0.55), exemplified byND-1, favored

a corner-fitting mode (fig. S6A), in which the

corner of one ND fit tightly into the waist of

another, forming parallel pairs with an offset

in positioning. Conversely, low-concavity NDs

(d/D > 0.65), such as ND-3, predominantly

adopted a cap-fitting configuration (fig. S6C),

where the cap region engaged with the waist

of another ND. For NDs with moderate con-

cavity (0.55 < d/D < 0.65), represented byND-2,

although corner fitting was still observed, they

tended to adopt a hybrid-fitting mode (fig.

S6B), involving both corner and cap regions

to achieve curvature matching with neighbor-

ing NDs. These locally favored pairing config-

urations were primarily dictated by the degree

of geometric complementarity between inter-

locked NDs, which tended to maximize contact

between their convex and concave regions.

We hypothesized that by adjusting the con-

cavity ofNDs,wecould fine-tuneparticlebonding

directionality and thus program the structure

of the resulting superlattices, provided that

extended interlocking assembly of NDs was

achievable. To test this hypothesis, we per-

formed self-assembly by drop-casting a hexane

solution containing NDs onto the surface of a

subphase such as diethylene glycol (DEG) (24),

Fig. 1. Engineering the structure of 2D ND superlattices through local curva-

ture modulation. (A to C) Structural characterization of a single ND: (A) 3D

structural reconstruction, (B) HRTEM image, and (C) WAED pattern. (D) TEM images

of NDs with three representative concavities, with their projected contours color-

coded to indicate variations in local curvature (k). (E) Schematic illustrating

how NDs pair up through concave-convex curvature fitting, with adjustable alignment

angles via curvature modulation. (F) TEM images of paired NDs, showing three

distinct concave-convex fitting modes between NDs, dictated by their concavity.

(G to J) HAADF-STEM images, SAED patterns (top right), and structural models

(bottom right) of various 2D superlattices: (G) parallel, (H) herringbone, (I) chevron,

and (J) bi-chevron. The structural models indicate the symmetry of the respective

lattice, with different colors representing different particle orientations.
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followed by controlled solvent evaporation

(fig. S7). Thismethod allowedNDs to assemble

while lying flat at the liquid-air interface.

However, achieving long-range ordered as-

sembly of NDs remained a substantial chal-

lenge (25). The primary obstacle stemmed from

the steric hindrance associatedwith nonconvex

particles, where NDs could become irrever-

sibly locked by their neighbors before reaching
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Fig. 2. Chiral Kagome lattices self-assembled from moderate-concavity NDs.

(A to E) Structural characterization of Kagome lattices: (A) HAADF-STEM image,

(B) SEM image, (C) AFM image and corresponding 3D topography view on the right,

(D) radial distribution function computed from TEM images, and (E) structural

model showing the p6 symmetry. The orange lines connecting the centroids (red

dots) of NDs in (A) illustrate the trihexagonal motif, characteristic of the Kagome

lattice. (F to I) Planar chirality of Kagome lattices: (F and G) HAADF-STEM images

and (H and I) corresponding SAED patterns of two distinct chiral domains of the

Kagome lattice. The colored NDs in the HAADF-STEM images highlight the gear-like

superstructures formed from ND trimers, which rotate either clockwise (F) or

counterclockwise (G) as indicated by the red arrows. The asymmetric diffraction

spots (indicated by blue and orange circles) in the SAED patterns indicate

opposite handedness of the two domains. (J) False-colored TEM image, showing

the boundary between two distinct chiral domains of the Kagome lattice.

(K) Schematic illustrating chiral inversion between two adjacent domains, facilitated

by a single ND (colored gray) at the boundary.
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equilibrium. Indeed, our initial attempts often

resulted in kinetically arrested aggregates char-

acterized by disorder or only short-range order

(fig. S8). To overcome this, we exploited deple-

tion interactions by introducing an excess of

oleic acid into the ND solution. These free oleic

acid molecules served as depletants, progres-

sively inducing specific attraction between ad-

jacent NDs as the solvent evaporated (fig. S9)

(26, 27).

This strategy proved highly effective in miti-

gating kinetic arrest and promoting the ex-

tended interlocking of NDs (fig. S8), resulting

in large-area superlattice membranes upon

complete solvent evaporation. Figure 1, G to J,

present high-angle annular dark-field scanning

TEM (HAADF-STEM) images of 2D superlat-

tices with varying structural complexities, as-

sembled from NDs with different concavities.

Analysis of these distinct superlattices revealed

a common characteristic in their local packing:

Each ND provided two binding sites at its

waist for interlockingwith twoneighboringNDs,

while its two heads simultaneously engaged

with the waists of two adjacent NDs. This in-

tricate arrangement led to a globally interlocked

architecture with excellent translational order,

as confirmed by small-angle electron diffrac-

tion (SAED).

Further examination showed that the local-

ly favored pairing configurations of NDs were

largely maintained in the resulting superlat-

tices, with their structure strongly influenced

by the concavity of NDs. Specifically, high-

concavity NDs (d/D < 0.55) naturally arranged

into extended rows (fig. S10), where the cor-

ners of each ND fit snugly into the waists of

neighboring particles. This packing motif man-

ifested in two distinct tessellation patterns,

shaped by the local curvature of the cap regions

in NDs. For NDs with flat caps, such as ND-1,

the rows of interlocked NDs tended to align

unidirectionally, forming parallel lattices char-

acterized by p2 wallpaper symmetry (Fig. 1G

and fig. S11). This low-symmetry lattice was fur-

ther stabilized by cap-to-cap interactions be-

tweenNDs in adjacent rows.However,when the

caps of NDs were more rounded, neighbor-

ingND rows tended to alternate in orientation

to create a zigzag pattern, resulting in herring-

bone lattices with pgg symmetry (Fig. 1H and

fig. S12).

By contrast, the self-assembly of low-concavity

NDs (d/D > 0.65) resulted in the formation

of chevron lattices (Fig. 1I and fig. S13). These

densely packed lattices, featuringpgg symmetry,

were characterized by a V-shaped packingmo-

tif formed from two NDs interlocking through

cap fitting. A notable feature of chevron lat-

tices was the flexibility in adjusting the align-

ment angle between neighboringNDswithout

altering lattice symmetry (fig. S14). This tuna-

bility was achieved by varying the aspect ratio

(L/D) of NDs, with the alignment angle de-

creasing as the aspect ratio increased to main-

tain dense packing (fig. S15). For instance, the

self-assembly of ND-3 with an aspect ratio of

1.5 led to a nearly orthogonal arrangement

with an alignment angle of 86° (Fig. 1I), whereas

a smaller alignment angle of 69° was observed

when assemblingNDswith a higher aspect ratio

of 1.9 (fig. S14).

Whenmoderate-concavity NDs (0.55 < d/D <

0.65) were used for self-assembly, more com-

plex structures could be anticipated because of

their tendency for hybrid fitting, which allowed

for greater flexibility in tuning particle bonding.

A more complex structure was illustrated by

the formation of bi-chevron lattices fromND-2

(Fig. 1J and fig. S16). These close-packed lat-

tices displayed an exotic pattern with pgg sym-

metry, in which two pairs of parallel NDs

served as a repeating unit, tessellating simi-

larly to chevron lattices. However, unlike chev-

ron lattices, each ND in the bi-chevron lattice

participated in dual pairing configurations—

hybrid fitting and corner fitting—with three

neighboringNDs. This packing behavior aligned

with the two locally preferred fitting modes

observed in moderate-concavity NDs (fig. S6B),

resulting in a unit cell consisting of four NDs

aligned in twoorientations. Thealignmentangle

between hybrid-fitting NDs was ~62°, as con-

firmed by WAED analysis (fig. S17).

Kagome lattices

The versatility of moderate-concavity NDs in

constructing complex architectures was fur-

ther demonstrated by the formation of Kagome

lattices (Fig. 2 and fig. S18). The Kagome lat-

tice, known for its distinctive 2D arrangement

of interconnected triangles, hexagons, and

voids, has attracted interest because of its spe-

cific geometric and topological properties (28).

Although Kagome lattices have been observed

previously through NC self-assembly (29, 30),

the resulting lattices were often low in quality

or exhibited structural distortion. Here, by

using moderate-concavity NDs, we achieved

large-area, high-quality Kagome lattices with

minimal structural defects. Figure 2A shows

the HAADF-STEM image of Kagome lattices

self-assembled from ND-2, the same particles

used for forming bi-chevron lattices. Connect-

ing the centroids of individual NDs led to a

trihexagonal pattern featuring three distinct

particle orientations and periodic voids, align-

ing with the geometric characteristics of a

Kagome lattice. These features were further

confirmed by scanning electron microscopy

Fig. 3. Formation mechanism of Kagome lattices. (A) EOS of the hard-core system of ND-2, derived

from simulations. Colored lines represent the expansion results for various perfect crystal structures,

while the black line represents the compression of random fluid states. (B) Calculated DVmax for ND pairs

under various particle orientations, plotted as a function of relative particle position. The two favored pairing

configurations that maximize DVmax are highlighted with black NDs to indicate the optimal orientations.

(C) Calculated DVmax for ND pairs under various particle positions, plotted as a function of relative particle

orientation. (D) Phase diagram illustrating the phase behaviors of NDs with varying d/D ratios. The region

between the two dashed lines represents the predicted phases when g ranges from 1.5 to 2.5.
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(SEM, Fig. 2B) and atomic force microscopy

(AFM, Fig. 2C).

The self-assembly of Kagome lattices could

be reliably achieved by using variousmoderate-

concavity NDs (fig. S19), indicating the robust-

ness of this assembly approach. Kagome lattices

often coexisted with the dense bi-chevron lat-

tices (fig. S20), despite having a much lower

packing efficiency (~65%, fig. S21). Moreover,

single domains of Kagome lattices could ex-

tend up to several micrometers in lateral size

(fig. S18), suggesting that their formation was

under thermodynamic control. The long-range

translational order of Kagome lattices was

further supported by the radial distribution

function (Fig. 2D and fig. S22) and grazing in-

cidence small-angle x-ray scattering (GISAXS,

fig. S23) (31).

Further analysis revealed that the Kagome

lattice displayed p6 symmetry (Fig. 2E), with

each ND interlocking with its four nearest

neighbors through hybrid fitting. This arrange-

ment led to the formation of two vertex-sharing

trimers, with an alignment angle of 60° be-

tween adjacent NDs (fig. S24). These trimers

were essential for creating the Kagome pat-

tern, as the trihexagonal motif emerged when

six adjacent trimers oriented to form a gear-

like superstructure (Fig. 2, F and G). Notably,

these hierarchical superstructures were ob-

served to rotate either clockwise (Fig. 2F) or

counterclockwise (Fig. 2G), suggesting the

development of planar chirality.

This chirality was further supported by the

reciprocal space analysis (32, 33), in which the

diffraction spots in the SAED patterns dis-

played clear asymmetry in intensity (Fig. 2, H

and I). The as-assembled Kagome lattice was a

racemic mixture, comprising domains of both

left and right handedness, whichwas expected

given the achiral nature of NDs. An interesting

observation was that at the boundary between

two chiral domains, a single row of NDs was

often present (Fig. 2J). These NDs, as an inte-

gral component of one domain, smoothly in-

verted the chirality of adjacent domains by

engaging in corner fitting with NDs in the

other domain (Fig. 2K). Increasing the con-

centration of NDs could lead to the formation

of bilayer or trilayer Kagome lattices (fig. S25),

with each layer maintaining consistent hand-

edness. An interlayer offset was observed to

ensure geometric complementarity between

NDs across different layers (fig. S25 and S26).

Formation mechanism

The Kagome lattice, among the various super-

lattices observed in our experiments, likely re-

presents the most intriguing phase, given its

distinctive tessellation patterns and low pack-

ing efficiency. Previous studies on Kagome lat-

tices assembled from triblock patchy particles

suggested that vibrational entropy played a

pivotal role in stabilizing these non–close-packed

structures (34). To understand the formation

mechanism of Kagome lattices assembled from

NDs, we first investigated whether they could

form through a purely entropy-driven process

involving hard particles. To this end, we per-

formed isobaric-isothermal floppy-box Monte

Carlo (NPT FBMC) simulations based on a sys-

tem of 960 particles, using shape parameters

measured from ND-2 (supplementary text 1)

(35, 36). Starting from experimentally observed

candidate crystal structures, including parallel,

herringbone, chevron, bi-chevron, and Kagome

lattices, as well as disordered fluids, we de-

rived the equation of state (EOS) of the corre-

sponding system.

The results indicated that, among these crys-

tal structures, the Kagome lattice was the least

favorable phase, with its packing density (h)

even lower than that of glassy fluids (Fig. 3A).

These findings suggested that purely hard-core

interactions between NDs were insufficient to

stabilize the Kagome lattice. Given these re-

sults, we proposed that depletion interactions,

Fig. 4. Self-assembly of NDs into complex superlattices by design. (A to

C) Characterization of AB3-type binary superlattices self-assembled from two types

of NDs: (A) HAADF-STEM image, (B) high-magnification HAADF-STEM image, and

(C) structural schematic illustrating the arrangement of large and small NDs. The

orange lines connecting the centroids (red dots) of the large NDs in (A) depict

the trihexagonal motif, with the smaller ND (blue dot) occupying the void. (D to

F) Characterization of open oblique lattices self-assembled from NDs though

multivalent bonding interactions: (D) TEM image, (E) false-colored HAADF-STEM

image, and (F) structural schematic highlighting the bonding configurations of

individual NDs. The orange lines connecting the centroids (red dots) of NDs in (D)

depict the oblique lattice. Half of the NDs in (E) are colored in orange to illustrate

their distinct bonding configurations compared to the uncolored NDs.
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which were intentionally introduced during

self-assembly to overcome kinetic trapping,

played a crucial role in stabilizing the Kagome

lattice. We hypothesized that the depletion

effect enhanced attractive interactions between

concave and convex regions of adjacent NDs,

guiding them into the specific arrangements

needed to form theKagome lattice. To validate

this hypothesis, we conducted further calcula-

tions to examine whether depletion interac-

tions could indeed stabilize the Kagome lattice.

The depletion attraction between two par-

ticles was proportional to both the overlap-

ping exclusion volume (DV) and the number

density of depletant (free oleic acid molecules)

in solution (23). For any two surfaces, the in-

teraction range was determined by twice the

radius (rdep) of the depletant molecules. To

investigate the effect of depletion interactions

on the local packing of NDs, we calculated DV

for a pair of interacting NDs using a 3D par-

ticle model (supplementary text 2), with shape

parameters obtained from ND-2. We sampled

the local maximum DV (DVmax) across various

particle orientations and positions using the

direct Monte Carlo method. Figure 3B presents

the depletion interaction landscape, represented

by DVmax for various particle orientations. No-

tably, DVmax increased substantially when two

NDs engaged in corner-fitting and hybrid-fitting

modes, consistent with the two locally prefer-

red pairing configurations observed for ND-2

(fig. S6B).

These findings suggested that during self-

assembly, NDs tended to adopt concave-

convex fitting modes that maximize DVmax.

This mechanism was further supported by

plotting DVmax across various particle positions

against alignment angles, which revealed that

the depletion interaction peaked at q = 0°

and nearly at q = 60° (Fig. 3C). The calcu-

lated DVmax values for the corner-fitting and

hybrid-fitting configurations, referred to as

DVcorner and DVhybrid, were ~216 and ~205 nm
3
,

respectively, assuming rdep = 0.75 nm for the

depletant molecules (37).

To further explore howdepletion interactions

influenced the formation of specific super-

lattices, we calculated the total overlapping

exclusion volume (DVtot) for individual NDs

within a lattice. As an approximation, DVtot

could be considered as the sum of several local

DVmax values, determined by the lattice struc-

ture and curvature-fittingmodes. In theKagome

lattice, each ND interacted through hybrid fit-

ting with four nearest neighbors (fig. S27A),

thus making DVtot approximated as four times

DVhybrid, or 820 nm
3
. In the bi-chevron lattice,

each ND coordinated with two nearest neigh-

bors through hybrid fitting and one nearest

neighbor through corner fitting (fig. S27B),

resulting in DVtot equal to 2DVhybrid + DVcorner,

or 626 nm
3
. These calculations suggested that

at sufficiently high depletant concentrations,

the system favored the Kagome lattice because

of its stronger depletion interactions. By con-

trast, the bi-chevron lattice was entropically

more favorable because of its higher packing

density. This dual preference accounted for

the frequent coexistence of these two phases

within the same system.

These calculations focused on moderate-

concavityNDs, butwe speculated that curvature-

guideddepletion interactions similarly governed

the extended assembly of both low- and high-

concavity NDs (fig. S8). During solvent evap-

oration, the progressively increasing depletion

interaction strengthened the binding between

the concave and convex regions of neighboring

NDs, allowing them to recognize and adjust

their orientations for optimal concave-convex

contact. This process not only helped avoid

kinetic traps but also facilitated the global

interlocking of NDs into the corresponding

superlattice structures. Concurrently, lateral

capillary forces could further enhance the

concave–convex attractions at the later stage

of evaporation (38, 39), bringing NDs into

closer proximity. As evaporation continued,

van der Waals interactions between the sur-

face ligands of adjacent NDs became increas-

ingly dominant, effectively locking the particles

in place once the solvent had fully evapo-

rated (40). This transition solidified the as-

assembled superlattices, ensuring their structural

integrity during transfer from the liquid sur-

face to various substrates.

Phase behavior

To construct a comprehensive phase diagram,

we introduced a phenomenological parameter

g, which served to describe the relative strength

of concave-convex interactions compared to

convex-convex or concave-concave interactions

between twoNDs (supplementary text 3). This

parameter reflects the degree of compatibility

of local curvatures between the concave and

convex patches on neighboring particles, with

higher g values indicating stronger interpar-

ticle concave-convex attractions. We investi-

gated the system using a 2D particle model

with shape parameters based on ND-2, while

continuously varying the concavity (d/D ratio)

from 0.20 to 0.95. Although this particle mod-

el was more coarse-grained compared to the

one used for depletion calculations, it allowed

us to construct a phase diagram that qualita-

tively captured the phase behaviors of differ-

ently shaped NDs (Fig. 3D).

By comparing the various lattice structures

predicted by the phase diagram with experi-

mental results, we estimated g to fall within

the range of 1.5 to 2.5. Within this range, the

Kagome lattice could form and coexist with

the bi-chevron lattice when the d/D ratio ranged

from ~0.55 to ~0.65 (fig. S28), which agreed

well with experimental observations. Addi-

tionally, the phase diagram predicted that for

NDs with very narrow waists (e.g., d/D = 0.3),

the stable phasewas the parallel lattice, whereas

for NDs with very wide waists (e.g., d/D = 0.9),

the stable phase was the chevron lattice. These

predictions were supported by experiments

(fig. S29), reinforcing the validity of this phase

diagram in predicting the structural outcome

of superlattices assembled from NDs.

Binary superlattices and

low-density superlattices

The establishedmechanism of curvature-guided

depletion was critical, as it opened up new

possibilities for creating sophisticated archi-

tectures that are otherwise unattainable with

convex building blocks. For example, coassem-

bling two types of NDs with differing dimen-

sions led to the formation of AB3-type binary

superlattices (fig. S30). In this close-packed

structure, the large NDs interlocked to form

a chiral Kagome pattern (Fig. 4A), while the

smaller NDs occupied the voids (Fig. 4B). To

achieve optimal local curvature matching, each

smaller ND aligned vertically, positioning its

waist to interact with the corners of six adja-

cent larger NDs (Fig. 4C). Incorporating par-

ticles into the periodic voids of the Kagome

lattice introduced an additional level of struc-

tural complexity, which might lead to the

emergent properties stemming from the dis-

tinctive topological arrangement of the lattice

(30, 41).

The versatility of this curvature-guided de-

sign principle was further demonstrated by

its ability to direct the assembly of low-

symmetry, low-density lattices. These lattices

were achieved by introducing multivalent

bonding interactions through the creation of

additional concave features into NDs. As a

proof of concept, we synthesized NDs with

two small dimples at their endcaps by modify-

ing the reaction conditions (fig. S31). Along

with the regular binding sites at the waist,

these dimples provided additional sites that

selectively bound with the high-convex cor-

ners of neighboring NDs through local cur-

vature matching. This dual concave-convex

interaction mode led to symmetry breaking,

resulting in the formation of an open oblique

lattice with an internal angle of 57° (Fig. 4D).

In this low-symmetry lattice, the concavewaists

and dimples of half the NDs fully engaged in

interlocking, whereas the other half remained

uncoordinated at their waists (orange NDs in

Fig. 4E). This approach led to a packing frac-

tion of ~59% (fig. S32), which was even lower

than that of the Kagome lattice. The multiple

specific bonding interactions between neigh-

boring NDs were likely responsible for stabi-

lizing this unusual open lattice (Fig. 4F).

Conclusions

Our study demonstrates that the curvature of

nonconvex NCs can be leveraged to program
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directional interparticle interactions. By engi-

neering the local curvature of NDs, we achieved

precise and flexible control over particle bond-

ing directionality, enabling the formation of

diverse and intricate 2D superlattices. Our

research also highlights the critical role of

curvature-guided depletion interactions, which

not only facilitated the global interlocking of

NDs but also stabilized open structures such

as Kagome lattices. With interlocked config-

urations and tunable lattice symmetry, these

ND superlattices could have distinctive mech-

anical and optical properties. Additionally,

this curvature-mediated design principle could

serve as a general strategy for guiding the

self-assembly of various nonconvex NCs (42).

Although this work primarily focused on

single-component superlattices, it paves the

way for creating more complex multicompo-

nent superlattices by coassembling NDs with

appropriately shaped convex NCs.
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Too much of a good thing: Lessons from compromised
rootworm Bt maize in the US Corn Belt
Ziwei Ye1, Christina DiFonzo2, David A. Hennessy3, Jinhua Zhao4, Felicia Wu5,6, Shawn P. Conley7,

Aaron J. Gassmann8, Erin W. Hodgson8, Bryan Jensen9, Janet J. Knodel10, Bradley McManus11,

Lance J. Meinke12, Andrew Michel13, Bruce Potter14, Nicholas J. Seiter15, Jocelyn L. Smith16,

Joseph L. Spencer17, Kelley J. Tilmon13, Robert J. Wright12, Christian H. Krupke18*

Widespread use of genetically engineered maize targeting the corn rootworm complex (Diabrotica

species) has raised concerns about insect resistance. Twelve years of university field trial and farm

survey data from 10 US Corn Belt states indicate that maize hybrids expressing toxins derived

from the bacterium Bacillus thuringiensis (Bt maize) exhibited declining protection from rootworm

feeding with increased planting while pest pressures simultaneously decreased. The analysis revealed

a tendency to overplant Bt maize, leading to substantial economic losses; this was particularly

striking in eastern Corn Belt states. Our findings highlight the need to go beyond the “tragedy of the

commons” perspective to protect sustainable use of Bt and other crop biotechnology resources. We

propose moving toward a more diversified and transparent seed supply.

T
ransgenic, or genetically engineered, crop

technologies targeting key insect pests

have revolutionized global food produc-

tion, helping feed a growing population

withminimal environmental harm (1, 2).

However, the onset of pest resistance inevita-

bly follows increased adoption of transgenic

varieties, rendering the technology less effec-

tive over time (3, 4). In 2003, transgenic maize

hybrids producing rootworm-active insecticidal

proteins derived from the bacterium Bacillus

thuringiensis (Bt) were introduced. These root-

wormBtmaizehybridsprovideprotectionagainst

both western (Diabrotica virgifera virgifera

LeConte) and northern (Diabrotica barberi

Smith & Lawrence) corn rootworms (5). The

western corn rootworm is the primary target

because of its economic significance. The use

of Bt hybrids has been extensive (fig. S1).

Beginning in 2009, field studies have doc-

umented Bt resistance in rootworms, raising

concerns about the long-term durability of this

approach (6–9).

Pest susceptibility to rootworm Bt maize may

be considered a common pool resource, prone

to being exploited more than is optimal for a

group (the “group optimum”): an instance of

the “tragedy of the commons” (10–12). This is

because individuals tend to act based upon

self-interest (the “individual optimum”), in-

tentionally or unintentionally ignoring exter-

nal costs to the group. However, rootworm Bt

maize may provide areawide suppression of

pest populations, as seen with Bt maize hybrids

targeting the European corn borer in fieldmaize

and vegetable crops (13, 14) and with Bt cotton

contributing to the eradicationof pinkbollworm

(15). Areawide suppression may counteract the
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resource overexploitation incentives for self-

interest to deviate from the group interest. As a

result, concerns about the “tragedy of the com-

mons”, i.e.,misalignmentbetweenself- andgroup

interests, may be misplaced, diverting policy at-

tention frommore fundamental issues that shape

any overuse of rootworm Bt maize.

Combining 12 years of Bt maize field trial

data andproprietary data on farmers’ seedusage

across the US Corn Belt, this study investigates

thepotential extent and economic consequences

of divergence between status quo and optimal

levels of rootworm Bt maize planting (sup-

plementary text S1 and S2). We characterize

the nature of this divergence by distinguishing

between individual and group optima. We then

propose a path forward for sustainable root-

worm Bt maize deployment. Unless otherwise

specified, the term “Bt” hereafter refers specif-

ically to rootworm-active Bt toxins.

Interdisciplinary modeling approach

The western corn rootworm has an annual life

cycle. Its larvae feed primarily on maize roots;

severe infestations lead to considerable yield

loss (16). Maize roots expressing Bt toxins cause

larval mortality and provide yield protection

in the planting year as well as population sup-

pression in the following year. However, selec-

tion pressure over time leads to toxin resistance.

The net future cost of planting Bt maize, en-

compassing both cost of resistance selection

and benefit from pest suppression, is termed

the “own-field” cost. Additionally, gravid fe-

malesmay disperse to neighboringmaize fields

in search of oviposition sites, creating a

spillover cost to neighboring fields (17, 18, 19)

(Fig. 1A).

We developed an interdisciplinary approach

to evaluate potential overuse of rootworm Bt

maize (Fig. 1A), integrating pest biology (20),

observations of pest damage to Bt and non-Bt

maize, and Bt planting levels over time. Using

data from 2005 through 2016, we quantified

the costs and benefits of Bt maize for individ-

ual and neighboring fields. This cost-benefit

analysis determined optimal Bt planting levels

for individuals and groups, comparing these

with the observed status quo, and examined

associated economic consequences over the

2014 to 2016 period (the most recent three-year

period covered by our datasets). Optimal seed

decisions weigh the yield protection benefit of

a Bt hybrid relative to a non-Bt hybrid against

Year T+1: 

Own-field  cost

(-) selection 

(+) suppression

larvae

eggs

pupae

adults

Adult dispersal

Year T: 

Yield protection benefit

larvae

eggs

pupae

adults

Year T+1 :

Spillover cost

(-) selection 

(+) suppression

(-) resistant adults move

(+) fewer to disperse

MAIZE FIELD 2MAIZE FIELD 1

Individual optimum Group optimumStatus-quo

A

?

01

Bt use in Year T

Bt planting rate

B

larvae

eggs

pupae

adults

larvae

eggs

pupae

adults

Fig. 1. Interdisciplinary modeling approach for empirical assessments of rootworm Bt maize overplant-

ing. (A) Pest biology and conceptual characterization of individual and group optimum planting of rootworm

Bt maize. A grower’s decision to plant Bt maize in Field 1 in year T provides a yield protection benefit but incurs a

future cost to the field in year T+1 (own-field cost), encompassing both the cost of resistance selection (denoted

by a minus sign) and the benefit from pest suppression (denoted by a plus sign) the following season. This

future cost also spills over to neighboring fields (spillover cost), represented by Field 2, through adult dispersal.

The “individual optimum” refers to the optimal Bt planting rate for farmers who consider only own-field cost;

the “group optimum” refers to the optimal Bt planting rate for farmers who, in addition to own-field cost,

voluntarily consider the group’s collective interest by incorporating the spillover cost to others’ maize fields

when making seed decisions. The Bt planting rate ranges from 0 to 1. (B) Geographical distribution of university

field trials, 2005 to 2016. Triangles represent field trial sites in the sample, with a darker color indicating a

greater annual number of observations at the site.
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the additional seed cost associated with Bt

maize (the “seed premium”) as well as subse-

quent resistance selection and pest suppres-

sion. Whether farmers act according to self- or

group interest distinguishes between “individ-

ual optimum” and “group optimum” (21). That

is, individual optimum considers only the own-

field cost in the future whereas group optimum

also considers the spillover cost to neighbors.

Bt maize trial data were compiled from uni-

versity field trial sites across 10 US Corn Belt

states: Illinois, Iowa, Minnesota, Nebraska,

North Dakota, South Dakota, and Wisconsin

were grouped as “western states”, where con-

tinuous maize is common, while Indiana,

Michigan, and Ohio were grouped as “east-

ern states” and are generally characterized by

frequent crop rotation (Fig. 1B, supplementary

text S1, and fig. S2). Most sites comprised both

treatment (Bt) and control (non-Bt) plots. Bt

seed usage data, representative at the crop

reporting district level, came from a proprie-

tary data TraitTrak® (22, 23) (supplementary

text S2 and table S1).

Benefits and costs of rootworm Bt maize

Corn rootworm damage to maize plants is com-

monly measured using a 0 to 3 node injury scale

(24); each root node consumed reduces yield

by approximately 15% (16). For analysis, we stan-

dardized this on a 0 to 1 scale (supplementary

text S1), termed “root injury” hereafter.

Bt maize compromised with increased planting

Our investigation beganwith examining changes

in root injury in Bt and non-Bt hybrids, along

with landscape-level changes in Bt planting be-

tween 2005 and 2016. Although the most recent

growing seasons are not covered, this periodwas

crucial for establishing a baseline and observing

initial responses to selection (6–8). Many trials

followed late-planted maize from the previous

season to increase the attraction of gravid females

andmaximize rootworm detection, likely over-

estimating pest pressure and enabling a more

conservative analysis.

Bt toxin efficacy generally declined as Bt plant-

ing increased, whether toxins were examined

separately or pooled across six available trait

packages: Cry3Bb1, Cry34/35A (now classified as

Gpp34Ab1/Tpp35Ab1), mCry3A, Cry3Bb1+Cry34/

35A,mCry3A+Cry34/35A,andmCry3A+eCry3.1Ab

(Fig. 2, A and B, and table S2). Efficacy was eval-

uated using Abbott’s formula (25) which, ex-

pressed as a percentage, represents the ratio of

two components: the difference in root injury

between non-Bt (denoted as Y) and Bt (denoted

as X) maize plots—termed Bt protection—

and root injury in non-Bt maize, calculated as
Y � Xð Þ � 100%

Y

We focused on the pooled analysis and break-

down of Bt efficacy into its two components to

characterize the intertemporal selection and

suppression effects. Root injury in trial year t

served as a proxy for rootworm population in

year t−1. The intertemporal effects can be repre-

sented by the effects of Bt planting in year t−2,

or Bt planting history, on the rootworm popula-

tion in year t−1. Thus the selection and suppres-

sion effects were captured, respectively, by the

effects of Bt planting history on Bt protection

(Y−X) and root injury in non-Bt maize (Y).

As Bt planting increased in the US Corn Belt

(Fig. 2C), we observed an overall decrease in

root injury in non-Bt plots (Fig. 2C and fig. S3),

except for a temporary spike in 2012, likely as-

sociated with severe drought. Bt protection

also declined (Fig. 2C) until the introduction

of trait packages combiningmultiple Bt toxins

in 2009 (Fig. 2A). These findings highlight the

dual impacts of Bt maize, simultaneously sup-

pressing rootworms and selecting for resistance.

Figure 2D further shows a steeper fitted slope

for Bt protection than for non-Bt injury, indi-

cating that declines in Bt protection progressed

more rapidly than declines in background pest

pressure as Bt planting increased.

Bt maize, selection, and suppression

We fitted a plot-level fractional response model

of root injury on Bt maize treatment (indicating

whether a trial plot was planted to Bt or non-Bt

maize), Bt planting history, their interaction

term, and additional covariates. This model

predicted themean root injury for Bt and non-

Bt plots planted to Bt or non-Bt maize in the

preceding year (26) (supplementary text S3 to

Fig. 2. Bt planting and Bt efficacy, 2005 to 2016. (A) Bt planting rate by the Cry protein expressed. The

Bt planting rate is calculated as the rate of total maize acres expressing each Cry protein, alone or in combination.

(B) Bt efficacy by the Cry protein expressed. The dots represent Bt efficacy for each Cry protein, alone or in

combination. The curves show the smooth fit of Bt efficacy using locally weighted regression (Cleveland’s tricube

weighting function with bandwidth 0.8). The data for mCry3A+eCry3.1Ab were excluded due to insufficient

observations. (C) Root injury and Bt protection overlaid on Bt planting history. Root injury data averages were

taken from trials evaluating Bt and non-Bt hybrids to obtain “Bt injury” and “non-Bt injury,” excluding observations

treated with soil insecticides or high-rate insecticidal seed treatments. “Bt protection” is the difference between

non-Bt injury and Bt injury, and “Bt planting history” is the rate of total maize acres planted to Bt hybrids in

the previous year. (D) Linearly fitted relationships between root injury, Bt protection, and Bt planting history using

ordinary least squares. The fitted slopes for Bt injury, non-Bt injury, and Bt protection are 0.09 (p = 0.217),

−0.19 (p = 0.027), and −0.28 (p = 0.001), respectively (df = 7).
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S5). Differences in mean root injury were then

attributed to concurrent Bt maize effects, in-

tertemporal suppression, or resistance selec-

tion (Table 1 and table S3).

Results in Table 1 indicate that root injurywas

generally higher inmaize fields continuously

planted with non-Bt hybrids (cell [i]). Prior

Bt maize cultivation in non-Bt plots reduced

root injury by a considerable amount, showing

intergenerational suppression of rootworms

(cell [vii]). Planting Bt maize without previous

Bt history achieved the highest level of root

protection (cell [v]).However,with aBt planting

history, the root injury difference between non-

Bt and Bt fields was reduced, suggesting a se-

lection cost (cell [ix]) greater than the suppres-

sion benefit. Table 1 estimates remain robust to

the alternative modeling approach (supplemen-

tary text S6 and tables S4 and S5) as well as ad-

ditional regression analyses employing alternative

specifications (supplementary text S7 and tables

S3 and S6 to S10) and examining each Bt trait

package separately (supplementary text S7, fig.

S4, and tables S11 and S12).

The own-field cost was estimated to be 0.03

(cell [viii]) in terms of root injury. Assuming ho-

mogeneity in maize fields and equal fecundity

between native and immigrating females, the

ratio of spillover cost to own-field cost is deter-

mined by the ratio of immigrating females to

native females. To assess the spillover cost, we

calibrated the female dispersal proportion using

a range of 5 to 50%, drawing from the primary

literature (17–19). Our analysis revealed that re-

sistance selectionwas substantially counteracted

by pest suppression. Consequently, the relatively

minor extent of spillover cost indicates a strong

likelihood that grower self-interest closely aligned

with group interest during our study period.

Cost-benefit analysis: Status quo, group

optimum, and individual optimum

Heterogeneity between western and eastern states

For the 2014 to 2016 period, farm survey data

show comparable seed premiums for rootworm

Bt hybrids in western and eastern states, at 24.1

and 25.7 USD per acre. However, the realized

yield protection benefit exhibited regional het-

erogeneity because it was capped when root-

worm pressure was minimal (text S8). This is

especially relevant for eastern states where root-

worm incidence was low, from 2014 to 2016

(Fig. 3A). Estimated yield losses attributable

to rootworm damage were higher in western

(47.5 bushels per acre) compared with eastern

states (8.5 bushels per acre) (Fig. 3B).

These findings collectively suggest that plant-

ing Bt hybrids in eastern states provided only

marginal yield protection benefits compared

with their costs. To illustrate, Indiana’s aver-

age root injury in non-Btmaizewas 0.03 in 2015,

resulting in amaximumyield benefit of 9.0USD

per acre. This was calculated from avoided yield

loss (0.03 × 3 × 0.15 × 179.5) multiplied by the

maize cash price of 3.7 USD, where 0.15 is the

fraction of yield loss per injured root node (16).

This 9.0 USD benefit covered roughly one-third

of the seed premium; the future costs were not

factored in.

Bt overplanting: One-size-fits-all pest management

We empirically evaluated optimal Bt planting

levels for individuals and groups, weighing the

current year’s payoff (yield protection benefit

minus seed premium) against future payoffs

that considered intertemporal costs (27) (sup-

plementary text S8 and figs. S5 to S7). The future

payoffs were discounted using a “discount fac-

tor” reflecting decision-makers’ time-preference,

or the natural inclination to undervalue future

benefits (28); a value of 0.95 is commonly ap-

plied by economists. Despite regional hetero-

geneity in yield protection benefits, status quo

rootworm-Bt planting rates during 2014 to 2016

were similar in western and eastern states, aver-

aging 59% (SE = 2.3) and 50% (SE = 3.7) (Fig. 4).

Within these rates, 58.5 and 49.5% comprised

hybrids combining rootworm Bt with above-

ground Bt and herbicide-tolerant traits, while

only 0.5% were pure rootworm Bt hybrids. This

underscores the tendency to opt for convenient

one-size-fits-all, multitoxin Bt hybrids even in

the absence of significant pest pressure.

Comparing the status quo with the group op-

timum (Fig. 4A and table S13) reveals differ-

ing extents of Bt maize overplanting. Western

states showed a mild overplanting tendency,

especiallywith highdispersal rates, due tohigher

rootworm pressure. In eastern states, over-

planting was more pronounced, with group

Table 1. Estimated mean root injury for Bt and non-Bt maize, in fields with and without Bt history.

Mean root injury

(standard errors)

Non-Bt maize [Y]

(bt = 0)

Bt maize [X]

(bt = 1)

Differences

[Y−X]
Attributed to

No Bt history

(history = 0)
[i] 0.55 (0.026) [ii] 0.08 (0.014) [v] 0.47 (0.024) Bt maize

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Has Bt history

(history=1)
[iii] 0.25 (0.028) [iv] 0.11 (0.024) [vi] 0.14 (0.028)

Bt maize

and selection
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Differences [vii] 0.30 (0.037) [viii] −0.03 (0.037) [ix] 0.33 (0.045)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Attributed to
Intertemporal

suppression

Suppression

and selection

Intertemporal

selection
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Mean root injury for Bt (or non-Bt) maize fields with (or without) Bt planting history was predicted from the fitted model at bt =

1 (or bt = 0) and history = 1 (or history = 0). For instance, cell [i] represents the estimated mean root injury for a non-Bt maize field

that was planted to non-Bt maize in the preceding year, while cell [iv] represents the estimated mean root injury for a Bt maize

field that was planted to Bt maize in the preceding year. Additionally, the following calculations were performed: cell [v]=[i]−[ii],

[vi]=[iii]−[iv], [vii]=[i]−[iii], [viii]=[ii]−[iv], and [ix]=[v]−[vi]=[vii]−[viii].

Fig. 3. Heterogeneity in rootworm incidence between western and eastern states during 2014 to

2016. (A) Empirical cumulative distribution functions of root injury in non-Bt trials. (B) Realized yield (R),

yield potential (P), and annual yield losses attributed to rootworm damage (Loss). Bar plots illustrate

the means of the realized yield (darker colors) and yield potential (lighter colors) across all counties in each

region, with error bars representing 95% confidence intervals. The difference between yield potential and

realized yield is the yield loss attributed to rootworm damage (Loss = P − R). Yield potential was determined

by P ¼ R= 1� 3� 0:15� rwÞð , where 0.15 was the fraction of yield loss for each node of roots injured and rw

denoted the county-average root injury.
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optimum Bt planting rates between 12 and

20%, depending on dispersal. These findings

remain robust across a reasonable range of

discount factor assumptions (0.85, 0.90, and

0.95) and farm heterogeneity considerations:

continuous maize versus rotated maize, maize

monoculture versusmixed cropping, and large

field versus small field (supplementary text S9

and tables S14 to S17).

Beyond the “tragedy of the commons”

For both western and eastern states, differ-

ences between group and individual Bt plant-

ing optima were notably small. This contrasts

sharply with the major discrepancy between

the status quo and the individual optimum,

particularly in eastern states (Fig. 4). The gap

suggests that Bt hybrids were planted well

beyond levels optimal to maize farmers in east-

ern states, whether from a self-interest or

group-interest perspective. Therefore, the over-

planting of Bt maize was more than could be

explained by the “Tragedy of the Commons”

perspective, underscoring the need for course

correction toward supporting either self-interest

or group interest.

Achieving the group optimum is often chal-

lenging, as coordination among growers to

manage pesticide resistance remains uncom-

mon (29). Our findings reveal that the individual

optimum, as a second-best and feasible policy

alternative, would nearlymatch the benefits of

voluntary group coordination in preserving the

technology. Our analysis demonstrates consid-

erable benefits from shifting the Bt planting

paradigm in eastern states from the status quo

to the individual optimum (Fig. 4, supplemen-

tary text S10, and table S13). Between 2014 and

2016, maize was planted annually on 11.8 mil-

lion acres across Indiana, Michigan, and Ohio.

Farmers could have accrued one-year bene-

fits of 99.0 million USD and lifetime benefits

of 1.98 billion USD simply by reducing the Bt

planting rate from 50 to 18%, while still pre-

serving the technology (assuming a 25% fe-

male dispersal proportion and a 95% discount

factor).

Our findings align with studies showing sup-

pression of caterpillar pests by Bt maize (13, 14).

The overplanting of Bt maize in eastern states,

where crop rotation is common, underscores

recent research emphasizing the critical role

of crop rotation in delaying Bt resistance (30).

However, crop rotation is less economically

rational in western states (31).

A way forward: Seed supply and integrated

pest management

What caused the discrepancies between the

status quo and the individual optimumBt plant-

ing? The simulation reveals that the status quo

for eastern states mirrored purchasing Bt seed

without a premium (table S13), indicating likely

misperceptions among farmers about Btmaize’s

costs and benefits. Supply-side trait combina-

tions and demand-side information gaps stand

out as plausible reasons.

RootwormBt traits are often combinedwith

above-ground Bt and herbicide-tolerance traits

(fig. S8), especially in highly desirable hybrids

(32), effectively obscuring the individual cost of

each trait (33). Consequently, maize farmers are

more likely to purchase trait packages with root-

wormBt traits thanwere traits sold separately, as

withmany consumption goods (34). Moreover,

uncertainty about differences in underlying ge-

netics further complicates trait cost evaluation.

Seed companies driven by profit maximiza-

tion tend to strategically combine traits and

genetics (35). As seed industry consolidation

continues, US farmers face a narrowing list of

seed vendors and may be compelled to adopt

varieties with unnecessary traits in order to

access desired GM traits or improved gene-

tics for other agronomic traits (e.g., drought-

tolerance) (36). This is likelymore pronounced

in the smaller markets of the eastern US, where

seed companies have less incentive to offer the

combinations that farmers need (37). Despite

complexities in market competition and intel-

lectual property protection, governments could

establish recognition and incentive programs

that encourage seed companies to broaden trait

combinations and genetic diversity in their of-

ferings. We also propose enhancing transpar-

ency in seedmarketing through labeling for trait

combinations and detailing the seed premium

for each trait, where possible.

On the demand side, maize farmers are likely

underinformed regarding rootworm pressure

and the selection costs of using Bt maize, limit-

ing their ability to optimize out of self-interest

(or group interest) (38). Recent research suggests

that farmers often overestimate pest risks (39).

Adherence to the fundamental principles of in-

tegrated pest management, where seed deci-

sions are informed by regular pest monitoring,

may be facilitated by drones and other novel

technologies (40).

Bt crops are widely recognized as an envi-

ronmentally benign approach to managing in-

sect pests (41,42).However, increasing rootworm

resistance to Bt maize has led to a resurgence

in insecticide use that Bt hybrids were intended

to replace (43). Moreover, with a warming cli-

mate, the range of pests targeted by current Bt

crops is expected to expand (44), highlighting

the growing importance of preserving these

technologies. While our cost-benefit analysis

covers 2014 to 2016 and anecdotal evidence

suggests a decline in rootworm Bt adoption

in recent years, we expect that the identified is-

sues have persisted given the continued decline

in Bt efficacy and rootworm pressure (45) (fig.

S9) and relatively stable transgenic seed prices

when compared to nontransgenic seeds and

commodities (46).

The issues highlighted here extend beyond

managing rootworm Btmaize, providing insights

more broadly into managing the biological

commons. A relevant example is the RNAi

(DvSnf7) technology for rootworm manage-

ment, resistance to which has been readily se-

lected for in lab assays (47). This novel trait is

Fig. 4. Divergence between status quo and group/individual optimum Bt planting level, and economic

implications for western and eastern states, 2014 to 2016. The upper panels present the individual

optimum (in black) and group optimum (in red) Bt planting rate ranges under varying levels of female dispersal

proportion (u) assumptions, with the dashed horizontal lines (in gray) showing the status quo Bt planting rate

for comparison. The lower panels illustrate the lifetime benefits of shifting from the status quo to the individual

optimum (in black) and group optimum (in red) Bt planting rates. For western states, this is shown under a

50% dispersal assumption, as the optimum exceeds the status quo at 5% dispersal and aligns closely at 25%.

For eastern states, benefits are displayed across varying dispersal assumptions. The individual optimum Bt

planting rate was the self-sustaining planting level best for farmers’ self-interest, whereas the group optimum was

best for farmers who voluntarily considered local group interests.
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currently available only in combination with

existing rootworm and lepidopteran Bt and

desirable herbicide-tolerance traits. In areas

where rootworm pressure is low, such combi-

nations continue the trend illustrated above;

pest protection benefits of the technology are

minimal, while pest susceptibility to the novel

technology is eroded and growers pay a pre-

mium. This research is also relevant to settings

outside the United States, in particular China,

which is the world’s second-largest maize pro-

ducer and which recently embraced commer-

cialization of Bt maize (48). If current and

future related innovations are managed as Bt

maize hybrids have been, we risk entering a

cycle of rapid obsolescence among transgenic

technologies, a biotechnology version of the

“pesticide treadmill” (49, 50).
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ORGANIC AEROSOLS

Nitrogen dominates global atmospheric organic
aerosol absorption
Yumin Li1,2,3, Tzung-May Fu1,2,4*, Jian Zhen Yu3,5*, Aoxing Zhang1,2, Xu Yu3, Jianhuai Ye1,2, Lei Zhu1,2,

Huizhong Shen1,2, Chen Wang1,2, Xin Yang1,2, Shu Tao1,2, Qi Chen6, Ying Li7, Lei Li8,

Huizheng Che8, Colette L. Heald9

Atmospheric organic aerosols (OAs) influence Earth’s climate by absorbing sunlight. However, the link between

their evolving composition and their absorptive effects is unclear. We demonstrate that brown nitrogen

(BrN), the absorptive nitrogenous component of OAs, dominates their global absorption. Using a global model,

we quantified BrN abundance, tracked its optical evolution with chemical aging, and assessed its radiative

absorption. BrN contributes 76% of OAs’ surface light absorption over the US and 61% of their global

absorptive optical depth. Moreover, the observed variability of OAs’ absorptive capacity is primarily driven by

the sources and aging of BrN. BrN represents 18% of the global absorptive direct radiative effect of

carbonaceous aerosols, with biomass burning being the largest contributor. Our research establishes a

nitrogen-centric framework for attributing the climate impacts of OAs.

A
tmospheric aerosols directly affect Earth’s

climate by scattering and absorbing solar

radiation (1). Whereas black carbon (BC)

is the most important light-absorbing

aerosol component on a global scale (1),

organic aerosols (OAs), typically measured by

their organic carbon (OC) content, have tradi-

tionally been believed to only scatter light (1).

Recent research has revealed that OAs can also

absorb solar radiation in the near-ultraviolet

to visible range, leading to a positive radiative

forcing on Earth’s climate (2, 3). However, the

absorptive properties of OAs evolve as their

complex composition chemically ages in the

RESEARCH | RESEARCH ARTICLES

SCIENCE science.org 28 FEBRUARY 2025 • VOL 387 ISSUE 6737 989



atmosphere, complicating the assessment and

attribution of their climate impacts (3, 4). Pre-

vious modeling studies have estimated the

absorptive effects of OAs by dividing OC into

bulk light-absorbing components (referred to

as brown carbon, or BrC) and light-scattering

components (referred to as white carbon, or

WtC) and assuming empirical conversion rates

of bulk BrC to bulk WtC to account for the

changes in the absorptive properties of OAs

due to atmospheric aging (5–8). These studies

estimated that BrC contributes between 10

and 40% of the total absorption of carbona-

ceous aerosols, with global average absorp-

tive radiative forcing estimates ranging from

0.01 to 0.6 W m
−2

(2, 5, 6, 8–11). The large dis-

crepancies in these estimates underscore our

limited understanding of OAs’ specific absorp-

tive constituents and their evolving optical

characteristics in the atmosphere.

Laboratory and field studies have identified

particulate organic nitrogen (ON) species as

the key colored components of light-absorbing

OAs, with the chemical evolution of ON being

a major driver of OAs’ changing absorptive

properties (3, 4, 12). Known absorptive partic-

ulate ON species include nitroaromatics (NACs),

N-containing polycyclic aromatic hydrocar-

bons (N-PAHs), N-heterocyclic compounds,

imidazoles, and other imine-like compounds

(12–17). These species are emitted fromnatural

and anthropogenic sources or formed second-

arily in the atmosphere (18). Furthermore, the

mass absorption efficiencies (MAEs) of these

ON species can either increase (photodarkening)

or decrease (photobleaching) upon oxidation

and photolysis in the atmosphere, depending

on the structural changes to the ONmolecules

(3, 19, 20). For instance, NACs oxidized by hy-

droxyl radicals (OH) in the aqueous phasemay

undergo a doubling or nulling ofMAEs, depend-

ing on whether the reaction adds an electron-

donating OH functional group or cleaves the

aromatic ring (19, 20). Therefore, accurately

quantifying the absorptive effect of OAs neces-

sitates a comprehensive understanding of the

abundance and atmospheric evolution of the

ON constituents within OAs.

In this study, we advance the representation

of OAs’ absorptive effects by explicitly quanti-

fying the abundance of absorptive ON species

(hereafter referred to as brown N, or BrN) as

well as their evolution to nonabsorptive ON

species (referred to as white N, orWtN) (Fig. 1).

We use the GEOS-Chem global model (GEOS,

Goddard Earth Observing System) to simulate

the primary ON (PON) emitted from anthro-

pogenic, biomass burning, dust, marine, and

biogenic sources, as well as the formation of

secondary ON (SON) species, including organic

nitrates, NACs, and imine-like compounds (18).

Some PON and SON species are inherently

nonabsorptive and classified asWtN. For the

absorptive PON and SON species, that is, BrN,

we calculated their effective MAEs and explic-

itly simulated their absorption and photochem-

ical evolution to WtN (methods, table S1, and

fig. S1). We evaluated our simulated BrN ab-

sorption against surface and vertically inte-

grated measurements of BrC absorption at US

and global sites (methods). Finally, we esti-

mated the global radiative effect of BrN and

quantified the factors driving the spatiotem-

poral variability of BrN’s radiative absorption.

BrN absorption in the global surface

atmosphere and the impacts of aging

Figure 2A shows our simulated BrN absorption

coefficients in the global surface atmosphere,

on the basis of a robust model representation

of global surface ON abundances (see text S2

in the supplementary materials). Figure S2

shows the surface concentrations of total ON,

including BrN from all origins, WtN that are

inherently nonabsorbing, and WtN derived

from photobleached BrN. Our simulated sur-

face BrN absorption coefficients range from

0.0003 to 46 inverse megameters (Mm
−1
), with

a global average of 0.53 Mm
−1
. Varying the ef-

fectiveMAEs and aging parameters within the

ranges reported in literature constrains the un-

certainty of global mean surface BrN absorp-

tion coefficient tobebetween0.14 and2.78Mm
−1

(text S3). Simulated surface BrN absorption

coefficients are highest over the northern bo-

real forests and the tropical rain forests and

savannahs, reflecting the strong emissions of

BrN from wildfires in these areas (fig. S2). Sim-

ulated BrN absorption coefficients are also en-

hanced over regions of intense anthropogenic

emissions, including the eastern and western

US, Europe, and East and South Asia (fig. S2).

On an annual mean basis, primary biomass

burning emissions constitute the largest contrib-

utor to the simulated BrN absorption (48%), fol-

lowed by primary anthropogenic emissions (29%)

and secondaryNACs formation (15%). Seasonally,

primary biomass burning BrN make a more

pronounced contribution to light absorption

during April to August, whereas anthropogenic

BrNdominates during September toMarch (Fig.

2C). Secondary BrN contributes 20 to 30% of

the simulated total surface BrN absorption year-

round; 40 to 80%of this absorption is attributed
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to secondaryNACBrN,whichhas relatively low

atmospheric concentrations but strong ab-

sorptive efficiencies per unit mass of N.

We further explored the impacts of atmo-

spheric aging on BrN’s absorption capacity.

Figure 2B shows the fraction of global surface

BrN absorption retained after atmospheric

aging (fret, defined as the ratio of simulated

BrN absorption coefficient with atmospheric

aging relative to that without atmospheric

aging). The simulated annual mean surface fret
values are spatially inhomogeneous and range

from 7 to 83%, with a global mean value of 23%

(uncertainty range between 21 and 30%; text

S3). The fret values are higher in near-source

regions and lower in remote areas, reflecting

the continuous conversion of BrN to WtN due

to atmospheric aging. We note that, although

BrN absorption coefficients are highest over the

biomass burning regions, fret values are some-

timeshigher over regions of strong anthropogenic

emissions. This is because primary anthropo-

genic emissions are enhanced during winter,

when atmospheric aging is slower, whereas

primary biomass burning usually occurs dur-

ing summer, when atmospheric aging is ac-

celerated. Atmospheric aging decreases the

contribution of secondary species to total sim-

ulated BrN absorption from 38% to 20% (Fig.

2D). This decrease occurs mainly because the

ring structures of secondary imine-like BrNmol-

ecules are rapidly broken when exposed to OH,

resulting in 70 to 90% loss of their absorptive

capacity upon aging (methods).

Evaluation of simulated surface BrN absorption

against observed surface BrC absorption over

the US

To evaluate our explicitly simulated BrN ab-

sorption and its contribution to total OA ab-

sorption,we compared themodel results against

observed BrC absorption and its spatiotem-

poral variability on regional and global scales.

Chen et al. indirectly measured BrC absorp-

tion at surface sites across the contiguous US

by subtracting BC absorption from the mea-

sured absorption by total carbonaceous aero-

sols (7). To the best of our knowledge, this is

the only published measurement of regional

BrC absorption coefficients with annual cov-

erage. Figure 3 shows the ratio of our sim-

ulated BrN absorption versus the observed

BrC absorption over the US (7), that is, the

percentage of BrC absorption that may be ac-

counted for by BrN absorption. On an annual

mean basis, the simulated surface BrN absorp-

tion coefficients (0.01 to 1.7 Mm
−1
; average:

0.49Mm
−1
) accounted for 76% of the observed

surface BrC absorption (0.01 to 1.9 Mm
−1
; aver-

age: 0.57 Mm
−1
; Fig. 3, A and D). Additionally,

simulated BrN absorption reproduces the ob-

served spatial distribution of BrC absorption

(Pearson correlation coefficient, r = 0.54) and

its seasonal variation. In winter, the simulated

BrN absorption coefficients (0.005 to 2.3 Mm
−1
)

represent 63% of the observed BrC absorption

(0.008 to 2.8 Mm
−1
, r = 0.60; Fig. 2, B and E).

In summer, the simulated BrN absorption coef-

ficients (0.08 to 1.2 Mm
−1
) represent 94% of

the observed BrC absorption (0.05 to 1.3 Mm
−1
,

r = 0.31; Fig. 3, C and F). These correlations

demonstrate that surface BrN absorption ef-

fectively embodies themagnitudes and spatio-

temporal variations of the observed surface

BrC absorption over the US.

Figure 3 also shows the simulated surface

ON concentrations across the contiguous US.

Simulated surface ON concentrations are high-

est over the Rocky Mountain West and South-

east US in summer (Fig. 3C), reflecting the

strong emissions of ON from the summertime

A

B D

C

Fig. 2. Simulated global surface BrN absorption coefficients at 405 nm and the impacts of atmospheric aging. (A) Annual mean BrN absorption coefficients.

(B) Percentage of BrN absorption coefficient retained after atmospheric aging. (C) Seasonal variation of global mean BrN absorption (black line) and the contributions from

different BrN sources (colored). (D) Seasonal variation of the percentage of BrN absorption retained after atmospheric aging (black: total; colored lines: different sources).
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wildfires in these areas (fig. S2). In contrast,

simulated ON concentrations are smaller over

the northeastern US and in winter (Fig. 3, A to

C), reflecting the relatively smaller ON emis-

sions from anthropogenic sources. We find

that the proportion of BrC absorption attrib-

utable to BrN does not exhibit a direct corre-

lationwith ON concentrations. This disparity is

because ON species from different sources vary

in theirMAEs and susceptibility to photobleach-

ing. Primary anthropogenic BrN and second-

ary NACs BrN from anthropogenic precursors

both have higher MAEs compared with pri-

mary biomass burning BrN, whereas NACs

BrN also undergo slower photobleaching.

Additionally, atmospheric oxidation substan-

tially improves the BrN’s characterization of

BrC absorption properties.Without atmospheric

aging, the absorptive properties of BrN do not

evolve, and the resulting simulated BrN ab-

sorption overestimates the observed surface

BrC absorption by 45% on an annual mean

basis and by up to 128% in summer (Fig. 3 and

figs. S3 and S4). This overestimation in absorp-

tion can be attributed to a combination of

excessive absorption by anthropogenic BrN,

biomass burning BrN, and secondary imine

BrN (fig. S4). In particular, atmospheric aging

decreases the contribution of secondary spe-

cies to total simulated BrN absorption from

43% to 24% (Figs. 2 and 3 and figs. S3 and S4).

Figure S3, A to C, shows the simulated fraction

of absorption retained after aging (fret) at sur-

face sites over the US, with an annual mean of

0.42. The values of fret are higher in the north-

eastern, southeastern, and Pacific coastal US

and also disparate from the areas with high

surface ON concentrations. Again, this spatial

discrepancy between surface ON levels and

retained BrN absorption is attributed to the

slower photobleaching of primary anthropo-

genic BrN and secondary NACs BrN. Surface

ON concentrations are generally higher in

summer than in winter at most sites because

biomass burning is more pronounced during

the warm season in North America. However,

the retainedBrNabsorption is lower in summer

(mean fret = 0.35) than in winter (mean fret =

0.54) at most sites (fig. S3, A to C), indicating

stronger photobleaching of BrN in the sum-

mer. In particular, the exceptionally high sum-

mertime surface ON concentrations over the

US Mountain West are associated with rela-

tively low fret (0.2 to 0.6) owing to the rapid

photobleaching of BrN from biomass burning

in summer. Conversely, in winter, low surface

ON concentrations with high fret (>0.6) are

simulated over the northeastern and Pacific

coastal US, reflecting the influence of local

anthropogenic emissions as well as the sub-

dued photobleaching in winter.

Evaluation of simulated BrN absorptive

aerosol optical depth (AAOD) against global

observations of BrC AAOD

We extend our analyses to evaluate the extent

to which OAs’ atmospheric column absorption

may be attributed to BrN on a global scale.

Figure 4A compares our simulated BrN ab-

sorptive aerosol optical depth (AAOD) at 440nm

against observed BrC AAOD at 175 Aerosol

Robotic Network (AERONET) sites worldwide

(methods). Here, the observed BrC AAOD is

estimated by excluding measurements affected

by dust and then subtracting the estimated

Fig. 3. Evaluation of

simulated BrN absorp-

tion coefficient against

observed BrC absorp-

tion coefficient at

405 nm over the contig-

uous US. (Left) Percent-

age of observed BrC

absorption attributable to

simulated BrN absorption

with atmospheric aging

(A) as annual mean,

(B) in winter, and (C) in

summer. Also shown are

the simulated spatial

distributions of surface

ON concentrations.

(Right) Scatterplots of

simulated BrN absorption

with atmospheric aging

(D) as annual mean, (E) in

winter, and (F) in summer.

Colors indicate the

secondary contribution to

BrN absorption. Black

lines indicate the reduced

major-axis regression

lines; slopes (S) and cor-

relation coefficients (R)

are inset.

Circle size indicates ON concentration

Fraction of observed BrC absorption attributable to BrN

A  Annual

B  Winter

C  Summer

D  Annual

E  Winter

F  Summer
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absorption of BC (methods). We find that the

simulated BrN AAOD accounts for 61% of the

observed BrC AAOD and represents its spatio-

temporal variability (Fig. 4A; r= 0.67). This find-

ing is consistent with our analyses over the

US, where BrN absorption accounts for most

of the absorption of BrC. Biomass burning is

the largest source of simulated BrN AAOD at

global AERONET sites (39%), followed by an-

thropogenic sources (26%), secondary NACs

(20%), and secondary imines (15%). In addi-

tion, our simulation indicates that biomass burn-

ingBrN is themaindriver for the spatiotemporal

variability of the observed BrC AAOD. These

findings provide new insights into the relative

contributions of different sources to OAs’ glo-

bal absorption.

We further compared the simulated ratios

of BrN AAOD versus BC AAOD at 440 nm,

which we refer to as RAAOD, to observed values

at global AERONET sites (Fig. 4B). RAAOD quan-

tifies the strength of OA absorption relative to

the absorption of other carbonaceous aerosols

(i.e., BC). Our simulated BC AAOD compares

well with global observations (fig. S5) and there-

fore can be used as a reference for evaluating

BrN AAOD. The AERONET-observed RAAOD

ranges from 12 to 68%, with a global mean of

23%. Our simulated RAAOD varies from 3 to 54%,

with a global mean of 16%. Several field mea-

surements have shown the observed RAAOD to

be source specific (21–24). In air masses strongly

affected by biomass burning, the field-measured

RAAOD ranged from 25 to 45% at 440 nm, de-

pending on the completeness of combustion

(21, 22). Field measurements indicated that

RAAOD tended to be higher in samples affected

by traffic emissions than those affected by res-

idential combustion (23), owing to the pres-

ence of absorptive, non-N-containing PAHs

from traffic sources (25). Our comparison shows

that at times and locations strongly affected by

biomass burning emissions (such as peninsu-

lar Southeast Asia, the boreal forests, and the

tropical forests and savannahs of Africa and

South America; fig. S6), the simulated RAAOD

are relatively consistent with the AERONET

observations (Fig. 4B, red dots). However,

over regions with substantial anthropogenic

emissions (e.g., Europe, India, East Asia, and

eastern North America; fig. S6), our simulated

RAAOD are generally <15% and systematically

lower than the AERONET observations (Fig.

4B, blue dots). This disparity may suggest ad-

ditional absorption from anthropogenic, non-

N-containing OA constituents—such as non-N

PAHs from traffic sources and other unknown

light-absorbing oligomers (25)—which is not

embodied by BrN’s absorption. This disparity

may also arise from potential model underesti-

mation of anthropogenic BC and/or underesti-

mation of effectiveMAEs for anthropogenic BrN.

Furthermore, the AERONETAAODobservations

are generally lower in areas dominated by an-

thropogenic emissions than in those dominated

by biomass burning, making the AERONET

RAAOD values relativelymore uncertain in areas

of anthropogenic emissions (26, 27).

Global absorptive radiative effect of BrN

Finally, we calculated the global absorptive di-

rect radiative effect (DRE) of BrN and com-

pared it with the DRE of BC. Figure 5, A and B,

illustrates the simulated clear-sky absorptive

DRE of BrN and BC, respectively. Our sim-

ulated global mean absorptive DRE of BC is

0.21 W m
−2
, within the range of previous esti-

mates (1). Our estimated global mean absorp-

tive DRE of BrN is 0.034 W m
−2

(uncertainty

range: 0.008 to 0.056 W m
−2
; text S3), also in

the range of previous estimates of global mean

absorptive DRE of BrC (0.01 to 0.3 Wm
−2
) (2).

Over biomass burning areas, such as the boreal

and tropical forests, the absorptive DRE of

BrN exceeds 0.1 W m
−2
. The absorptive DRE

of BrN is also high over East and South Asia,

reflecting the emissions of strongly absorptive

BrN from anthropogenic sources. On a global

average, biomass burning is the largest con-

tributor (0.013Wm
−2
) to BrN’s absorptive DRE,

followed by secondary imine BrN (0.009Wm
−2
)

and primary anthropogenic BrN (0.009 Wm
−2
)

(fig. S7). This source attribution of BrN’s DRE

differs from the source attribution of BrN ab-

sorption coefficients at the global surface (Fig. 2),

reflecting the spatial heterogeneity of BrN and

shortwave fluxes in the atmosphere.

The ratio of the absorptive DRE of BrN ver-

sus that of BC, referred to as RDRE, quantifies

the relative importance of BrN to the total ab-

sorptive radiative effects of carbonaceous aero-

sols. Our simulated values of RDRE range from

3 to 120%, with a global mean of 22% (Fig. 5C).

Simulated RDRE values are amplified over re-

gions of substantial biomass burning, while its

values are lower over regions dominated by

anthropogenic emissions, such as East and

South Asia. This heterogeneity arises from the

dominance of anthropogenic activity as the

source of BC, resulting in a substantially larger

DRE from BC over East and South Asia com-

pared with other regions (Fig. 5B). In the South-

ern Hemisphere, the RDRE ranges from 0.1 to

0.3, with no significant regional variations, as

both BrN and BC are mainly emitted from bio-

mass burning.

Figure 5 further breaks down the global and

hemispheric seasonal variations of BrN’s ab-

sorptiveDREandRDRE. Globally, biomass burn-

ing emission is the definitive driver for the

seasonal variation of BrN’s absorptive DRE,

highest during May to July in the Northern

Hemisphere and during August to September

in the Southern Hemisphere. The global mean

RDRE is also notably higher duringMay to July

than other times of the year, mainly reflecting

the enhanced absorption by BrN frombiomass

burning emissions and secondary imines dur-

ing the boreal summer.

Discussion

Our study suggests a potential positive feed-

back of biomass burning on climate warming

through the radiative effect of BrN. Biomass

burning emissions constitute the largest con-

tributor of BrN’s global absorptive DRE, which

account for 60 to 70% of the radiative absorp-

tion of OAs on regional and global scales. In

a future warming climate, biomass burning

activities are expected to increase in frequen-

cy and severity (28), emitting more BrN and

leading to stronger positive radiative forcing.

Simultaneously, the transition away from fossil

fuels as an energy source will reduce anthro-

pogenic BrN emissions. Further investigation

is necessary to fully comprehend the impacts

A B

Fig. 4. Global comparison of monthly simulated BrN AAOD and AERONET-observed BrC AAOD at

440 nm. (A) Simulated BrN AAOD versus observed BrC AAOD. (B) Simulated versus observed ratios of BrN

AAOD:BC AAOD (RAAOD). The red and blue symbols mark sites where >50% of the simulated BrN AAOD

was attributed to primary biomass burning BrN and primary anthropogenic BrN, respectively. The locations of

the global AERONET sites, the slopes (S) of the reduced major-axis regression lines (solid lines), and the

Pearson correlation coefficients (R) are inset. The gray dashed lines indicate the 1:1 lines.
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of these contrasting future trends on the glo-

bal radiative impacts of OAs.

Our work introduces an effective N-centric

chemical framework to better attribute the

climatic effects of OAs and illuminate their

sensitivities to emissions and atmospheric

chemistry. The simulation demonstrates that

BrN from different sources, characterized by

varied MAEs and aging lifetimes, significantly

differs in its final absorption DRE contribu-

tions. This variability could substantially alter

the attribution of OAs’ climate effects, espe-

cially when considering N-species–specific in-

formation rather than a uniform treatment of

bulk BrC. Guided by this framework, exper-

imental and modeling efforts should focus

on identifying the BrN species originating

from biomass burning and anthropogenic

activities, understanding how the optical and

hygroscopic properties of those species evolve

with chemical aging, and identifying other

non-N-containing absorptive OA species. Ulti-

mately, these efforts will lead to a comprehen-

sivemodel elucidatingOAs’ climate implications

in Earth’s atmosphere.
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COLLECTIVE MOTION

The behavioral mechanisms governing collective
motion in swarming locusts
Sercan Sayin1,2,3*, Einat Couzin-Fuchs1,2,3, Inga Petelski1,2,3, Yannick Günzel1,2,3,

Mohammad Salahshour1,2,3, Chi-Yu Lee1,3, Jacob M. Graving1,2,3,4, Liang Li1,2,3, Oliver Deussen1,5,

Gregory A. Sword6, Iain D. Couzin1,2,3*

Collective motion, which is ubiquitous in nature, has traditionally been explained by “self-propelled

particle” models from theoretical physics. Here we show, through field, lab, and virtual reality

experimentation, that classical models of collective behavior cannot account for how collective

motion emerges in marching desert locusts, whose swarms affect the livelihood of millions. In

contrast to assumptions made by these models, locusts do not explicitly align with neighbors.

While individuals respond to moving-dot stimuli through the optomotor response, this innate

behavior does not mediate social response to neighbors. Instead, locust marching behavior, across

scales, can be explained by a minimal cognitive framework, which incorporates individuals’ neural

representation of bearings to neighbors and internal consensus dynamics for making directional

choices. Our findings challenge long-held beliefs about how order can emerge from disorder in

animal collectives.

T
heoretical models from physics, such as

the highly influential Vicsek model (1),

describe how simple local interactions,

where individuals align their movement

with nearby individuals, can generate

large-scale, coordinated (meaning aligned or

ordered) motion in groups. This model makes

the prediction that groups should exhibit a

spontaneous transition between two collective

states—from a disordered state (akin to a gas)

to an ordered state (akin to a driven fluid)—as

density increases. This concept has implications

for understanding collective behavior across

biological systems, from cellular aggregates

to human crowds.

The results of empirical studies, including ex-

perimentswith juvenile desert locusts (Schistocerca

gregaria), have lent support to this theory. Locust

swarms, which can cover vast areas and greatly

impact food security (2), serve as a prominent

example of collective motion. Laboratory find-

ings have suggested that increasing locust den-

sity in a ring-shaped arena leads to a shift from

disordered to ordered motion, appearing to

validate the predicted density-dependent phase

transition (3). Thus, despite inherent errors in

individual alignment, a sufficient density of

individuals is argued to enable an averaging

out of noise and the emergence of coherent

group movement. In general, comparison of

model predictions and empirically observed

collective motion has provided evidence sup-

porting these “classical” models of collective

behavior (3–8).

There exists an inherent problem with this

approach, however. Given that density and

order are positively correlated, it is challeng-

ing to establish cause and effect. This raises

the question of whether alignment results

from the averaging out of uncorrelated er-

rors at high densities, as classical theory sug-

gests, or whether the coherence of motion

itself triggers alignment, independent of den-

sity. That is, is it the density (corresponding to

the “amount” of information) or the order (the

“quality” of information) that is predominant-

ly important or rather how the two interact?

Furthermore, do individuals explicitly align

their direction of travel with near neighbors,

as is assumed in these classic models? Ad-

dressing these questions is crucial not only

for understanding the fundamentals of biol-

ogical collective motion but also for gaining

insights into the formation and maintenance

of locust swarms, which affect human well-

being (2).

Using a combination of field experiments

with naturally occurring locust swarms and

analysis of how visual interactions are medi-

ated using immersive virtual reality (VR) (9, 10),

we reveal that classical models of collective be-

havior [such as the Vicsek model (1) and Couzin

model (11–13)] cannot account for collective

motion exhibited by locusts and that themech-

anism proposed for the emergence of their

collective motion needs to be corrected. We

demonstrate that locusts do not explicitly

align with neighbors and that their behavior

is consistent with aminimal cognitive model

of spatiotemporal decision-making. We ar-

gue for an approach to the study of collective

behavior that moves from descriptive to gen-

erative models, with the latter taking into ac-

count that organisms are not self-propelled

particles but rather probabilistic decision-making

entities that base their decisions explicitly on

the representation and integration of sensory

information.

Field experiments

The largest East African outbreak of the desert

locust in recent years began in late 2019. In

February 2020, we conducted experiments

on large “marching bands” of flightless juvenile
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locusts in the Samburu and Isiolo counties of

Kenya to establish the predominant sensory

modalities used in coordinatingmotion. Swarms

of locust nymphs were encountered at a large

number of locations, ranging from first to

sixth instar (juvenile) stages (Fig. 1, A and B).

In 56 cases where we recordedmarching band

directions, a prominence along the north/

northeast axis was noted (Fig. 1B and table S1).

Consistent with previous studies (14), march-

ing direction did not clearly relate to immediate

weather conditions, elevation, or sun position

(fig. S1).

To assess the role of differentmodalities used

by focal locusts in maintaining coordinated

group movement, we independently manipu-

lated olfaction (by clipping antennae), polar-

ized vision (by painting ocelli and the dorsal

rim area of the compound eyes), and vision (by

painting ocelli and the entirety of the com-

pound eyes). Control insects were similarly

handled but left with their senses intact. All

insects were painted with an identifiable color

marking on their pronotum before being re-

turned to an undisturbed section of the march-

ing band.

Reintroduced control locusts, anosmic locusts,

and locusts deprived of polarized vision ex-

hibited a strong, and rapid, tendency tomarch

with, and in the direction of, conspecifics in

the band (Fig. 1C, i, ii, and iii, respectively).

Completely blinded insects, by contrast, moved

in random directions with respect to the band

direction (Fig. 1C, iv, and E). Although these

blinded individuals remained mobile—likely

owing to tactile cues that increase movement

probability to avoid cannibalistic interactions

(15–17)—in many cases, contact alone did not

provide directional guidance, even in densely

packed, highly directional swarms. Thus, we

conclude that vision is both necessary and

sufficient for individuals to coordinate motion

with neighbors.

VR experiments

As noted above, there has been a confound in

previous approaches to establish the mecha-

nism by which locusts regulate their behavior

in swarms because of the inherent (theoreti-

cal) positive correlation between density and

order. To decouple these two factors, we enabled

real locusts to interact with virtual conspecifics.

Notably, our systemwas fully panoramic, allow-

ing untethered, freely moving locusts to interact

with visual stimuli from fully volumetric three-

dimensional (“holographic”) marching con-

specifics with no constraints resulting from

boundaries (Fig. 2, A and B).

In order to conduct a full parametric scan of

density-order space, we considered independent

combinations of density, from 1 to 64 locusts

per m
2
, and order (from 0, equivalent to ran-

domly moving individuals, to 1, where virtual

conspecifics are in perfect alignment with one

another) (Fig. 2, C and D). We note that our

upper and lower insect densities exceed the

range tested (2 to 62 moving locusts per m
2
)

by Buhl et al. (3).

Locusts’ alignment with the virtual swarm

was found to strongly depend on the order

parameter, that is, the “quality” of information

presented, with no significant dependency on

density (Fig. 2, E to G, and fig. S4A). With

higher order, focal locusts marched longer

distances in more-directed trajectories (max:

46.1 m; figs. S3 and S4A, i and ii). We note that

the cumulative distances covered by focal in-

sects were comparable between different order

and density conditions (fig. S4A, iii). Clearly, if

no directional cues are present, locusts have no

social context on which to base their move-

ments, but we find that even with very sparse

but high-quality (i.e., ordered) information,

they exhibit a strong tendency to align with

the motion of others. Notably, while these

results are apparently in contradiction to the

data of Buhl et al. (3), a reevaluation of their

data, taking into account statistical effects

associated with different group sizes, reveals

that collective alignment (order) is also inde-

pendent of locust density in these experi-

ments (fig. S6).

Behavioral response to optical flow

It has long been considered that coherent

motion in animal groups may be mediated

A C D

B E

Fig. 1. Sensory deprivation experiments in the field. (A) A marching band

of S. gregaria photographed in Kenya in 2020. (B) (i) Locust bands in a total of

112 locales between 27 February and 12 March of 2020 in the Samburu and Isiolo

districts of Kenya. Scale bar: 15 km. (ii) Observed marching band directions.

n = 56 bands. Histogram counts: min = 2, max = 23. (C) Single tagged locusts

were reintroduced to a marching band after antennectomy (Olfaction−, n = 89)

or visual occlusion (Polarized Vision−: dorsal eyes and ocelli, n = 54; Vision−:

complete eyes and ocelli, n = 114). Control n = 110. Locust movements

were reported as mean vectors. Statistical annotations on each upper right

corner stand for the results of Rayleigh test for nonuniformity. (D and

E) Mean binarized Euclidean distance (Activity) and mean vector magnitude in

congruence with marching band (Marching) by control and treated animals.

Olfct, olfaction; PolVis, polarized vision; Vis, vision. See table S2 for

statistical summaries.
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by the optomotor response. If animals, such as

insects or fish, are presented with coherently

moving dots or stripes, they will tend to move

in the direction of the resulting optical flow

stimulus. Being an innate and robust behavior,

optical flow is often intuitively considered an

important if not essential mechanistic basis of

collective motion in large mobile groups [see

(18, 19) for fish and (20, 21) for locusts]. Yet,

direct evidence in support of this hypothesis is

lacking. Recently, Bleichman et al. (20) pre-

sented coherent moving dots on either side

of a rigidly tethered locust and demonstrated

that the motion could alter the probability of

the locust moving. However, the focal locusts

in this study were constrained to only be fully

aligned with the stimuli and could not alter

their direction in response to stimuli.

Fig. 2. Reconstructing

marching in an

immersive virtual

reality. (A) Top-down

view of the virtual real-

ity system. A motion

compensation system

stabilizes an untethered

fifth instar desert locust

in position, and from

this perspective, a pan-

oramic virtual world is

projected in 100-Hz

high refresh rate.

(B) Virtual marching

band. The virtual reality

engine draws animated

juvenile desert locust

visual stimuli with real-

world kinematics data

(fig. S2) and constant

velocity. Throughout an

experiment, periodic

boundaries set for

virtual band guarantee

that the experimental

focal juvenile locust is

located at the virtual

band’s center.

(C) Experimental

design. Virtual bands

were generated to vary

by two parameters,

order and marching

band density per square

meter. For a given order

value, von Mises distri-

butions constituted a

marching band’s

coherence de novo.

Focal locusts were

tested once for one

condition per 20 min.

Completed trials

equaled 421 once out-

liers were removed. See

the methods section of

the supplementary materials for details of the experimental design and the analysis pipeline. (D) Exemplary order and density combinations. Schematics depict virtual

locust positions and directions at a given time. Above each schematic, periodic boundaries and zoomed areas are drawn with dashed and solid lines, respectively.

All bands consist of 64 virtual locusts. Individual trajectories per condition are shown on the right. n = 13 for both groups. Mean vector (r) projections onto axes

congruent with (r*cosq) and perpendicular to (r*sinq) marching band directions were used for multivariate analyses. To see all trajectories, refer to fig. S3. (E) Means

per each condition of 64 order and density combinations. (F) Alignment (calculated as r*cosq) versus order (i) and density (ii) as primary parameters for reporting. Color

codes designate secondary parameter. Coefficient of determination (R2) scores showcase explanatory power of respective primary parameters alone. See comparison of

directedness, marching, and Euclidean distances with respect to either density or order “alone” in fig. S4. See fig. S5 for clustering of all data groups. (G) Adjusted R
2 from

ordinary least squares regression models on alignment group means for different explanatory variables used. See table S2 for statistical summaries.

C DA

B

E

F G
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We assessed whether locusts are sensitive to

optical flow under conditions where they could

freely move with respect to the presented cue.

In evaluating this, we took advantage of the fact

that locusts exhibit extreme phenotypic plastic-

ity, including in social behavior. If reared in

isolation, locusts are sedentary insects that

avoid conspecifics, a phenotype that is referred

to as “solitarious” (22–24). It is only when they

are reared together that they become “gregar-

ious” and exhibit increased activity and attrac-

tion to other locusts (22–24). Should optomotor

response to optical flow cues underlie the

alignment among individuals in swarms, we

may expect that gregarious locusts would be

more responsive to such cues than are soli-

tarious insects.

We find that this is not the case. Both soli-

tarious and gregarious locusts exhibit a similar

propensity to turn in the direction of the wide-

field moving-dot stimulus, with solitarious in-

sects exhibiting a slightly stronger response

(Fig. 3A).However, whenplaced in a coherently

moving virtual swarm, solitarious insects do

not align their direction of travel with the

virtual conspecifics (Fig. 3B), whereas grega-

rious individuals strongly do so (Figs. 2 and3B).

These results are inconsistent with the view that

the optomotor response is involved in regulating

social interactions in marching locusts.

The role of “pull” in swarms

Another aspect that classical collective move-

ment models and the optical flow hypothesis

do not consider is the frame of reference of

focal individuals with respect to the direction

of collective movement (1, 21). Addressing

this, later models, again relying on theoretical

physics, speculated whether collective motion

can be generated by collisions and escape and

pursuit mechanisms (25, 26). We devised a

scenario to test how visual stimuli from re-

ceding swarms of virtual insects affect the

behavior of focal locusts. In this condition,

highly ordered marching bands at a 5-cm offset

from focal positions were generated (Fig. 4A).

Virtual locusts presented as moving away were

sufficient to recapitulate focal locust alignment

behavior with comparable distances covered as

in the full virtual marching band conditions

(Fig. 4B, compare with Fig. 2D, ii). Furthermore,

BA

Fig. 3. Optical flow does not drive marching. (A) (Left) The moving-dot

paradigm schematic used in the study. (Right) Optomotor responses of solitarious

(Sol) and gregarious (Greg) desert locusts to moving-dot stimuli of different

densities, color coded blue to red for low to high density. All stimuli have 100%

coherence, meaning that the moving dots in an experiment move either

counterclockwise or clockwise. The optomotor response, or opto-index, is a

preference index calculated as the difference between summed absolute

counterclockwise and clockwise velocities, then dividing that difference by the

sum of these velocities for a given trial. n = 32 locusts tested. Number of dots in

the density paradigm was 64, 256, 1024, and 4096. (B) Trajectories for solitarious

locusts (n = 34) and gregarious control locusts (n = 32) within a virtual gregarious

marching band (order: 1; density: 16). See table S2 for statistical summaries.

B CA

Fig. 4. Attraction to conspecifics for locust virtual bands. (A) Pull

experimental design. A focal locust is positioned immediately behind a highly

ordered marching band. n = 21. Periodic boundaries ensured constant distance

between focal locust and marching band edge. See fig. S7 for “Push” condition.

Figure S9 explores roles of order and distance in pull conditions. (B) Density map

for egocentric neighbor positions in a highly ordered marching as in Fig. 2D.

Focal heading is along +x axis. Focal n = 22. See fig. S10 for neighbor-follow

duration. (C) Density map for neighbor positions in single virtual locust assay.

A single virtual locust, with constant velocity, was positioned in front of focal

locust, at 30° to 45° offset. A single trial lasted as long as the distance between

follower focal locust and virtual target was maintained within a threshold distance

(50 cm). Focal heading is along +x axis. Focal n = 12. Normalized densities

are displayed with a color gradient from dark purple for the minimum to bright

yellow for the maximum. See fig. S10 for neighbor-follow durations.
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our analysis of neighbor positions for locusts

surrounded by conspecifics in a full march-

ing band and in experiments when only one

receding virtual locust was present showed

that focal individuals closely follow neighbors

(Fig. 4, C and D). As a validation of our VR

experiments, quantification of locust interac-

tions in an arena experiment with 2000 locusts

revealed a similar proximal pursuit mechanism

in real-world interactions as well (fig. S11). These

results show that moving-away conspecifics

play a strong “pulling” role in the regulation

of marching behavior, consistent with a mecha-

nism involving pursuit.

A vectorial representation of conspecifics

Our above findings show that locusts may not

base decisions on simple fixed “rules.” An al-

ternative framework considers the generative

process by which decisions are made; for ex-

ample, Sridhar et al. (10) developed a model of

spatial decision-making based on neural prin-

ciples. Consistent with neurobiological studies

of insects (27, 28) and vertebrates (29), neigh-

bors are considered to induce neural activity

bumps on a “ring attractor” network, with

their position on the ring reflecting their bear-

ingwith respect to the focal animal. Given that

neural activity encodes both directional infor-

mation (bearings) and the “strength” of in-

fluence (encoded by the magnitude of neural

activity), this is a “vectorial representation”

of conspecifics. Ongoing internal dynamics

on the ring attractor network, defined pre-

dominantly by local excitation and long-range

and/or global inhibition, facilitate the integration

of these sensory inputs, generating a self-

organized bump of activity on the ring (a collect-

ive neural consensusmechanism) that represents

the animal’s subsequent directional preference

[for details, see (10, 30, 31)].

This type of cognitive model, which we refer

to as the vectorial hypothesis, makes directly

testable predictions with respect to behavior,

and these predictions are in stark contrast to

those of the optical flow hypothesis. For exam-

ple, if presented with two conspecifics moving

in the same direction and speed at a fixed

lateral distance (L) (Fig. 5A), our model pre-

dicts that a follower should occupy, on average,

a position directly between them, up to a

critical distance above which there should

exist a dynamical bifurcation in the neural

dynamics, resulting in a decision to choose

to follow one or the other. That is, the brain

should suddenly transition between an “averag-

ing” and a “winner takes all” dynamic (10). The

optomotor (optical flow) hypothesis, by contrast,

predicts that a focal locust should align with

conspecifics irrespective of their lateral distance.

In bothmodels, there exists a further,maximal

distance at which interactions become impos-

sible owing to insufficient sensory information.

Presenting a pair of marching virtual con-

specifics with different lateral distances, we

see, as predicted by the vectorial hypothesis

(Fig. 5B, i), a clear bifurcation in the relative

position adopted by the real locust (Fig. 5B,

ii). We note that in conventional laboratory

Fig. 5. Vector compu-

tations can explain

individuals’ response

to conspecifics.

(A) Schematic of the two

conspecific “targets”

scenario used in our

simulation model and VR

experiments. Lateral dis-

tance (along y axis)

between two targets was

set to constant at 2× L.

In all VR trials, horizontal

distance (along x axis)

between focal locust and

two targets was fixed.

(B) (i) Model agent y

positions when a focal

agent is presented with

two moving targets.

au, arbitrary units. See fig.

S12 for two-dimensional

position histograms.

n = 200 for all condi-

tions. (ii) Instances in VR

where focal locust

followed targets depicted as a heatmap as in focal individual’s y position versus lateral distance L. Dip test of unimodality is used to assess y position distribution

(red: P > 0.05; blue: P < 0.05). Focal locust n = 11. Histogram range is displayed with a color gradient from dark purple for the minimum to bright yellow for

the maximum. (C) Experimental design to evaluate the possible roles of optical flow versus vectorial representation in coordinating marching for VR experiments.

At a given fixed lateral distance (8 or 50 cm) to the focal locust, two highly ordered bands move in same direction. Each virtual locust has a 100-ms life span, to

preserve optical flow and positional cues but to prevent the focal locust from persistently “locking onto” a single target. (D) Trajectories of simulated agents.

Similar to (C), an agent is placed in between two sets of targets moving in the same direction. The initial lateral distance of the agent to targets was 20 au.

Trajectories plotted for the first 20 au covered by each agent. n = 100. (E) Hierarchical Bayesian model used to infer predominant movement directions in VR

scenarios tested as in (C). (i) The posterior model density compared with nonparametric bootstrapped histogram density and kernel density estimates (see

materials and methods for details). Lines and points show the median of the posterior or bootstrap distribution, whereas the bars and bands show the 95% interval

(2.5 to 97.5%; n = 4000 samples per density type). (ii) Distributions of posterior likelihood scores for hypothesis testing. n = 4000 samples per hypothesis.

Dashed line represents a random walk hypothesis as a uniform likelihood. Figure S14 offers focal locust trajectories for both conditions tested in (C). Tested

locusts n = 50. See table S2 for statistical summaries.

BA
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experiments with real interacting insects, it is

not possible to conduct such a test of the under-

lying cognitivemechanism, thus highlighting an

advantage of the VR approach for establishing

the nature of visual social interactions.

A further, complementary experiment to test

themechanistic basis of social interactions is

how a focal locust will behave if positioned

directly between two coherently marching

swarms. In classic models of collective behav-

ior that include attraction, the symmetry of

attractive “forces” in one direction and the

other would result in them tending to cancel

out, and an explicit alignment term, if present,

would dominate, resulting in alignment with

directional cues (see supplementary text in the

supplementarymaterials). Similarly, the optical

flow hypothesis would predict motion in align-

mentwith swarmdirection. The cognitivemodel,

by contrast, which only considers attraction but

captures the competition between conflicting

directional information (owing to the presence

of long-range inhibition), predicts that in this

scenario, locusts should move in a direction

perpendicular to the swarm motion. To eval-

uate these hypotheses, locusts were placed at a

fixed equal distance (either 8 or 50 cm) in

between two parallel virtual marching bands,

both moving in the same direction (Fig. 5C).

Here, optical flow is parallel to marching di-

rection (+x axis, as indicated by the blue circle),

while vectors representing conspecifics are (ap-

proximately) perpendicular (±y axis, as indi-

cated by the orange circles) to the collective

movement. For model agents (Fig. 5D) and

focal locusts (Fig. 5E and fig. S14), movement

direction was predominantly directly toward

one marching band or the other and not in

congruence with optical flow (or with classic

self-propelled particle models; see supple-

mentary text).

Our results suggest that locust marching be-

havior is mediated by a vectorial encoding

strategy and not a strategy that uses explicit

alignment. To establish whether individuals

utilizing this same mechanism can account

for the emergence of long-range coordinated

motion in locusts, we also considered the sce-

nario of conspecific representation as (competing)

bumps on a neural ring attractor network (see

supplementarymaterials for details), revealing

that it can account for the emergence of highly

ordered collective motion (fig. S15).

Conclusions

Our work suggests that, contrary to previous

assertions, classical models of collective motion

fail to account for the mechanism by which

coherentmotion is established andmaintained

in desert locust swarms. For example, we found

no evidence that locusts explicitly align with

one another nor that they use the optomotor

response to mediate social interactions. Fur-

thermore, both our data and a critical revalu-

ation of those of Buhl et al. (3) find no evidence

for a density-dependent transition from dis-

order to ordered swarm motion, further ques-

tioning the dominant paradigm used to study

animal collectives more broadly. By contrast,

we find that individual and collective locust

behavior is consistent with a minimal cogni-

tive model (a ring attractor network) in which

individuals (targets) are represented as com-

peting neural bumps. This suggests that wide-

field optical flow cues (such as those used for

self-motion estimation and/or wide-field land-

scape information) are separate from those cues

used in neighbor tracking. Circuits responsible

for pursuing neighbors are yet to be described

for locusts. Beyond a simple detection of objects

against a moving background, vectorial repre-

sentation and wide-field motion necessitate

competition under certain scenarios, and how

global information is suppressed is yet to be

explored. Revealing these circuits will enable

the identification of afferent and modulatory

inputs, which will be instrumental to infer cau-

sality regarding the forces that govern pursuit

and collective motion. Furthermore, given the

clear discrepancy between gregarious and soli-

tarious behavior in locusts, we suggest future

exploration of differential modulation or devel-

opmental regulation of visual attraction and

decision-making networks. Our work argues

for a refreshed perspective in the study of col-

lective animal behavior that moves beyond the

“self-propelled particle” paradigm and considers

explicitly the sensory and cognitivemechanisms

by which interactions are mediated.
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MOLLUSK GENETICS

A genome-based phylogeny for Mollusca is
concordant with fossils and morphology
Zeyuan Chen1, J. Antonio Baeza2,3, Chong Chen4, Maria Teresa Gonzalez5, Vanessa Liz González6,

Carola Greve1,7, Kevin M. Kocot8,9, Pedro Martinez Arbizu10, Juan Moles11,12, Tilman Schell1,7,

Enrico Schwabe13, Jin Sun14, Nur Leena W. S. Wong15, Meghan Yap-Chiongco8, Julia D. Sigwart1,16*

Extrememorphological disparity within Mollusca has long confounded efforts to reconstruct a stable backbone

phylogeny for the phylum. Familiar molluscan groups—gastropods, bivalves, and cephalopods—each

represent a diverse radiation with myriad morphological, ecological, and behavioral adaptations. The

phylum further encompasses many more unfamiliar experiments in animal body-plan evolution. In

this work, we reconstructed the phylogeny for living Mollusca on the basis of metazoan BUSCO

(Benchmarking Universal Single-Copy Orthologs) genes extracted from 77 (13 new) genomes, including

multiple members of all eight classes with two high-quality genome assemblies for monoplacophorans.

Our analyses confirm a phylogeny proposed frommorphology and show widespread genomic variation. The

flexibility of the molluscan genome likely explains both historic challenges with their genomes and their

evolutionary success.

P
hylumMollusca exhibits the widest dis-

parity of body plans in metazoan evolu-

tion, and the interrelationships of the

living lineages have been a subject of

contentious debate for centuries (1–3).

The eight classes of extant Mollusca are each

unambiguouslymonophyletic, but their diverse

morphologies allow many plausible sister-

group combinations. The three most diverse

groups aremore familiar—bivalves, gastropods,

and cephalopods—and the other five include

worm-mollusks (Solenogastres, Caudofoveata),

eight-shelled chitons (Polyplacophora), tubu-

lar infaunal predators (Scaphopoda), and head-

less limpets (Monoplacophora). More than

500 million years of morphological evolution

have produced evenmore transitional forms in

the fossil record, many with unclear affinities

(4). Most studies have focused on deep phylo-

genetic nodes, resolving the clades Conchifera

(Bivalvia, Cephalopoda, Gastropoda,Monopla-

cophora, Scaphopoda) and Aculifera (Caudo-

foveata, Polyplacophora, Solenogastres) (2, 5, 6).

Resolving the topological positions of all eight

clades is critical to understanding molluscan

evolution (7), but genomic resources were lim-

ited or lacking for most classes.

Early molecular phylogenetic studies of Mol-

lusca sometimes completely conflicted with

previous morphology-based hypotheses (8).

Phylogenomic studies using transcriptome

data covered all classes but had low coverage,

outdated orthology inference methods, and

uncertain topological support (2, 6). Results

from standard geneticmarkers,mitochondrial

genomes, transcriptomes, morphology, and the

fossil record have at times seemed to be all

mutually contradictory but increasingly con-

verged toward a potential consensus (7, 9).

Beyond the question of resolving molluscan

phylogeny, a larger issue is understanding the

fundamental evolutionary factors that made it

so difficult and controversial to resolve.

We present a total group phylogeny forMol-

lusca based on genome-wide markers com-

prising all metazoan Benchmarking Universal

Single-Copy Orthologs (BUSCO) genes in a

phylogenomic analysis that includes all major

clades and multiple representatives from all

eight living classes. We assembled two near-

complete genomes of the enigmatic deep-sea

class Monoplacophora and generated genomes

for five additional taxonomic classes: Cau-

dofoveata, Scaphopoda, Gastropoda, Bivalvia,

and Polyplacophora. This dataset, combined

with previously published genome assem-

blies, underpins our new phylogenetic analy-

sis, which supports the origin of the phylum in

the Cambrian and a rapid split into the major

clades Aculifera and Conchifera (Fig. 1). Con-

gruent with the extensive fossil record of Mol-

lusca and phylogenetic hypotheses proposed

frommorphology (Fig. 2), we found thatMono-

placophora is sister to the remaining Conchi-

fera, and Cephalopoda is sister to the clade

Gastropoda +Diasoma (Scaphopoda +Bivalvia).

Selecting representative data

Genome-wide data have played a pivotal role

in reconstructing complex histories of the tree

of life; however, genomic resources for Mol-

lusca remain markedly underrepresented and

unevenly distributed, with only 300 genomes

available for more than 100,000 living species

(Fig. 3A). The quality of these assemblies varies

widely, in large part because of intrinsic tech-

nical difficulties that begin with challenges

for sample acquisition, preservation, and DNA

extraction and sequencing from animals that

produce copious mucopolysaccharides (10).

Assembly quality is further hampered by var-

iability in genome size, heterozygosity, and

repeat content, even within particular clades

(Fig. 3, B to D). We generated 13 de novo ge-

nomes that fill gaps for key classes (twomono-

placophorans, one caudofoveate, four chitons,

one scaphopod), deeply divergent or conten-

tious lineages (Solemya, Verpa, Tectura), and

diverse morphologies (Scintilla, Concholepas)

(fig. S1 and tables S1 and S2). We considered

genome quality and phylogenetic diversity, re-

taining species in controversial branches even

where genome quality was slightly lower (fig.

S2 and table S3). This totals 77 species covering

all eight classes, including two Caudofoveata,

two Solenogastres, eight Polyplacophora, two

Monoplacophora, 11 Cephalopoda, 22 Gastrop-

oda, three Scaphopoda, and 27 Bivalvia.

Our phylogenomic inference relied onmeta-

zoan BUSCO genes (11). BUSCO represents a

universal gene set that provides effective com-

parative power across the phylum. Because

BUSCO genes are conserved regions, they are

suitable for reconstructing deep divergences.

Strict quality control in the selected genomes

allowed us to identify a sufficient number and

more even distribution of loci across species

(figs. S2 and S3): Each species had an average

of 897 BUSCO genes (94%) identified in the

genome assemblies (table S4). To test the im-

pact of gene occupancy on topology, we com-

pared the metazoan BUSCO set and a reduced

96-gene dataset with 100% occupancy (figs. S3

and S4).

The balance of taxon sampling and charac-

ter (gene) occupancy is a persistent dilemma,

especially in deeply divergent organismal groups

(12). High coverage of lineages, high-quality

molecular markers, and sufficient molecular

loci enabled us to construct the phylogeny

within extantMollusca. Coupling these factors

with a more even distribution of molecular

markers across species also allowed us to re-

cover the major branches within each class
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and estimate the divergence times within the

molluscan tree of life (Fig. 1).

The resulting tree recovered a topology that

harmonizes key elements from former hypothe-

ses into one topology: Aculifera, including a

monophyletic Aplacophora (2, 6); Conchifera

with basal branchingMonoplacophora; and the

Gastropoda-Bivalvia-Scaphopoda (2, 6, 13, 14)

group, includingDiasoma (13) (Fig. 2 and fig. S5).

A molluscan backbone

Morphological arguments about molluscan phy-

logeny historically focused on two alternative

topologies, one with the clades Aculifera and

Conchifera and the other with basal branching

Aplacophora (vermiformmollusks) and a shelled

clade “Testaria” (9) (Fig. 2). Early studies based

on several loci recovered controversial alterna-

tive topologieswith a putative sister relationship

between Polyplacophora and Monoplacophora,

termed Serialia, and other previously unchar-

acterized combinations (8). Later phylogenomic

studies, despite low taxon sampling and data

quality limitations, have mostly recovered

Aculifera and Conchifera, but the relationships

within Conchifera remained unresolved.

The fossil record of Mollusca provides im-

portant evidence to complement genomic data

(Fig. 1A and table S5), and vice versa: In our

topology, the origin of cephalopods predates

Bivalvia and Gastropoda, although both appear

earlier than cephalopods in the fossil record (3).

Long-standing confusion over the affinities of

univalved and bivalved small shelly fossils from

the early Palaeozoicmay be reinterpretedwhen

considering a stable backbone phylogeny.

The first transcriptome-based phylogeny that

included all eight classes resolved Monoplaco-

phora as the sister to Cephalopoda (6), as did

another recent study (14). This hypothesis is

problematic because it is not supported by

morphology or the fossil record (9). Adding

partial genome data for a monoplacophoran

resolvedMonoplacophora as the sister to the

remaining Conchifera, as predicted bymorpho-

logical studies (2). Our subset analysis of a

smaller gene set reproduced theCephalopoda+

Monoplacophora relationship; however, it also

failed to recover a plausible ingroup topology

among some bivalves (fig. S4). Cephalopoda +

Monoplacophora is an anomalous result that

likely arises from limited datasets.

Among Conchifera, Rostroconchia represents

the ninth, extinct class of Mollusca, which ap-

pears before both gastropods and bivalves in

the fossil record (3). Rostroconchs exhibit char-

acter combinations from bivalves and scapho-

pods and are important evidence supporting

Diasoma (3, 13). Evidence for Diasoma derives

from morphology and fossils, but molecular

data alone are not unequivocal. All phyloge-

nomic studies have consistently supported a

Gastropoda-Bivalvia-Scaphopoda clade. Early

analyses recovered a clade [Bivalvia + (Gas-

tropoda + Scaphopoda)], but often with rela-

tively low support for interclass relationships

(2, 6, 13, 14). The first phylogenomic analysis

that included scaphopods recovered Diasoma,

which was also found here (Fig. 1). Analyses

of scaphopod genomes support interpretations

of incomplete lineage sorting (13). Molecular

data show higher support for a Gastropoda-

Bivalvia-Scaphopoda polytomy than either bi-

furcation (Fig. 2 and fig. S5). These groups

likely represent the descendants of a complex

and rapid radiation from a common conchi-

feran ancestor. This clade, here named Mega-

lopodifera (big foot–bearing), is united by the

veliger larva (although the larvae of monopla-

cophorans are entirely unknown), a body that

can retract into the shell, a reduction in the

number of foot-retractor muscles, and a large

foot extending beyond the shell.

The molluscan tree of life

Internal topologies and timing within each

class in the reconstructed phylogeny correspond

well with established phylogenetic consensus

and resolve some points of ongoing debate

[see supplementary text (15)]. The monophyly

of Aculifera is not controversial and is sup-

ported by fossil (5), anatomical (16), and molec-

ular studies [see supplementary text (15)]. A

Fig. 1. Mollusca timetree. (A) The timeline of global biodiversity is based mainly

on the diversity of the molluscan fossil record (55), which is influenced by mass

extinctions (gray dashed lines) and climate change with periods of extensive ice

cover (56) (blue bars, right y axis). Marine invertebrate fossils, dominated by

Mollusca, are divided into three successive faunas in the Sepkoski curve shown here:

Cambrian, Paleozoic, and Modern (55). (B) Schematic showing the overview

phylogeny of the eight living classes of Mollusca. (C) Phylogenetic topology was

computed by ASTRAL-Pro using a set of 954 BUSCO family trees from 77 species

and three outgroups. Key clades are illustrated with icons (table S7). Species

from nonmarine habitats are noted with brown dots on the branch tip. Divergence

time estimates were obtained with MCMCTREE using the LG + G4 + F model,

independent rates. Fossil calibration times are labeled at the corresponding nodes in

black boxes. Solid circles at the nodes emphasize the differentiation of eight classes,

with the colors representing geological eras. The age distribution violin plot (gray)

for each node shows the 95% highest posterior density intervals drawn by

TreeViewer. -C, Cambrian; C, Carboniferous; Cz, Cenozoic; D, Devonian; HPD,

highest probability density; J, Jurassic; K, Cretaceous; Mya, million years ago; O,

Ordovician; P, Permian; p---C, pre-Cambrian; S, Silurian; Tr, Triassic.
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illustrate the support. (B) Bar chart (57) comparing the proportion among 945 gene trees that support (blue) and reject (red) different proposed clades within Mollusca.
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deep split between Solenogastres and Cau-

dofoveata in the Silurian corresponds to a

radiation of disparate fossils attributed to

stem aplacophorans (5). Diversification within

Aplacophora is difficult to calibrate because

of the poor fossil record of shell-less forms;

the Mesozoic splits between sampled species

in each class here may indicate that biodiver-

sity recovery after the Triassic-Jurassic extinc-

tion included a radiation in Solenogastres. The

topology of sampled chitons is consistent with

morphological and paleontological evidence

as well as previous genetic and genomic work

(17, 18).

The two species used for the first full ge-

nomes of Monoplacophora include Veleropilina

oligotropha from the Clarion Clipperton Zone

and central Pacific as well as an undescribed

Veleropilina species collected from the Aleutian

Trench that was morphologically indistinguish-

able from V. oligotropha but geographically
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Fig. 3. Status and features of presently published molluscan genomes per

class. (A) Variation in taxonomic richness and genome- or chromosome-level

availability. The numbers in brackets show nonchromosomal assemblies

(first) and chromosomal-level assemblies (second), including those in this study

and all those published in National Center for Biotechnology Information (NCBI)

GenBank (20 May 2024). The numbers of new genomes are indicated in red

(the asterisk in monoplacophorans indicates that all available data are from the
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missing predicted genome-size data. Darker lines highlight the common

phenomenon of assembly size being higher than genome size because of very
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assemblies incomplete, combined with redundancy caused by high hetero-

zygosity. (C) Estimated genomic heterozygosity per class. (D) Estimated

repeat content per class. For box plots, the center line represents the median,
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distant (table S1). The divergence time be-

tween them was calibrated using an earlier

divergence time estimate for the living mono-

placophorans, which estimated the first split

among living monoplacophorans in the Cre-

taceous (19). Genome data from additional

monoplacophoran groups and regions will

likely influence this result.

Within Cephalopoda, the phylogeny of De-

capodiformes (squid and cuttlefish) has been

much debated, with conflicting hypotheses

from mitochondrial genomes (20) or nuclear

transcriptome data (21). Our phylogeny con-

firms a topology proposed from a large-scale

five-gene analysis (22). Sepiolina has a basal

branching position within Decapodiformes,

which also agrees with results from transcrip-

tomes (21, 23); we recognize Sepiolina as a

taxonomic order, Sepiolida, on the basis of this

topology. Sepiida resolved as sister to the squids

(Oegopsida +Myopsida). This scenario ismore

parsimonious than the previous omics-based

phylogenetic analyses because it suggests only

a single loss of the calcareous phragmocone in

the evolution of the clade. Our time-calibrated

phylogeny indicates a relatively very recent

radiation of Decapodiformes in the Cretaceous,

in agreement with earlier work showing ac-

celerating diversification rates in the Cenozoic

(22). The diversification of extant coleoid

cephalopods has been rapid.

Within living scaphopods, the new genome

for Fustiaria revealed a much shallower di-

vergence than previously predicted within

Dentaliida (24) and for the origin of crown

group Scaphopoda. Scaphopods have a long

and complex fossil record with many stem

lineages, and the biology of extant species re-

mains poorly understood (3, 25).

Gastropoda is divided into two fundamental

clades: Psilogastropoda, which unites Patel-

logastropoda as sister to Vetigastropoda +

Neomphaliones, and Adenogonogastropoda,

which comprises Neritimorpha as sister to

Apogastropoda (Caenogastropoda + Hetero-

branchia) [see supplementary text (15)]. This

structure corroborates transcriptome-based

studies that excluded the deep-sea subclass

Neomphaliones (26, 27). A subsequent tran-

scriptome study with expanded taxon sam-

pling recovered contradictory topologies but

supported Adenogonogastropoda (28), first

identified in an early molecular study (29) and

later named on the basis of morphocladistic

analysis (30). The early Cretaceous internal

split in Neomphaliones alsomatches the scant

fossil record for the group because it postdates

the earliest neomphaline fossil from the Late

Jurassic (31).

In contrast to most morphological analyses,

our results indicate that Patellogastropoda is

not the earliest branching clade within gastro-

pods. A secondarily derived Patellogastropoda

is recovered in most omics-based reconstruc-

tions (27, 32). One recent transcriptome tree

(28) could recover basal-branching Patellogas-

tropoda when rapidly evolving sites repre-

senting more than half of the dataset were

excluded. Incongruity betweenmorphology and

molecular results leaves the position of Patel-

logastropoda uncertain, or awaiting further

explanation. The limpet form has evolved con-

vergentlymore than50 times amonggastropods

but has its largest radiation in the patellogas-

tropods (33). It is well established that patel-

logastropods are split into two clades, Patellida+

Nacellida (3), but divergence-time estimates

in other studies vary wildly depending on the

calibration points used within the clade. Our

results are concordant with the fossil record,

because the earliest known crown-group pa-

tellogastropod fossil is from the Triassic of

Italy (34).

Our Caenogastropoda topology recovered

Neogastropoda (Concholepas) nested within a

paraphyletic Littorinimorpha (Oncomelania +

Alviniconcha), consistent with previous find-

ings (35). Our tree also supports Cerithioidea

(Batillaria + Semisulcospira) clustering with

hypsogastropods, which does not contradict

themorphologically supported Sorbeoconcha

concept (3). Some other studies (36), by contrast,

unexpectedly recovered Cerithioidea as the

sister to the architaenioglossan superfamily

Ampullarioidea (representedhere byPomacea).

InHeterobranchia, we recovered amonophyletic

Tectipleura as sister to Ringipleura (Berghia).

Within Tectipleura, the observed sequence of

branching in Panpulmonata first gives rise to

Sacoglossa (Elysia), then Hygrophila (Anisus),

and finally Ellobioidea (Ellobium) and Stylom-

matophora (Arion), consistent with the recent

consensus (3, 37, 38).

We recovered the consensus backbone phy-

logeny for bivalves (39), with Protobranchia

(Solemya) in the earliest derived position, fol-

lowed by Pteriomorphia, then Palaeohetero-

donta (Sinohyriopsis), and Anomalodesmata

(Verpa), sister to Imparidentia. Relationships

within Pteriomorphia and Imparidentia also

mostly align with other molecular and mor-

phological results (40, 41) [see supplemen-

tary text (15)]. One notable deviation is that the

order Adapedonta (Panopea, Sinonovacula) is

paraphyletic; the split between Adapedonta +

Galeommatida (represented here by Scintilla)

formed a conflicted node noted in earlier work

(39, 42). The reduced shells of many galeom-

matidans led to a poor fossil record and tax-

onomic uncertainty. The rich fossil record of

bivalves provides a well-resolved chronology

for the origin of major lineages; however, our

time-calibrated tree does not account for the

impact of mass extinctions and rapid bursts

that shaped bivalve diversification (43). With-

in Imparidentia, all orders except Lucinida

first appear in the fossil record after the end-

Permianmass extinction event (40, 42), as also

found here. The common ancestor of crown-

group Imparidentia necessarily had an origin

before the end of the Permian, and the clade

extends deeper in the stratigraphic record,

which is not accounted for in our timetree.

Evolution of molluscan forms

The animal biomineralization toolkit predates

the evolution of Mollusca (44). Mollusks are

effective at repurposing ancient gene fami-

lies in new ways (45). Phylogenetic relation-

ships of phyla within Lophotrochozoa are not

well resolved, and alternative hypotheses have

different implications for the evolution of

mineralized skeletons. Early small shelly fossils

with molluscan affinity were used to calibrate

the origin ofMollusca (table S5). Some putative

early mollusks lack a solid shell, such as

Odontogriphus and Shisania (4); however,

the ancestor of Aculifera + Conchifera did

possess a shell, and fossils lacking solid shells

represent further diversity and not the con-

dition of the common ancestor leading to

Aculifera + Conchifera.

Fossil Mollusca present additional charac-

ter mosaics that are not found in any living

groups. The early Cambrian Pelagiella exigua,

which had a coiled shell but flexible chaetae,

was interpreted as a stem gastropod (46), but

our timetree suggests that it is more likely a

stem conchiferan. The deep divergence be-

tween Aplacophora + Polyplacophora (around

440 million years ago) is congruent with

mosaic aculiferan forms in the fossil record

(Phthipodochiton,Kulindoplax) from the Ordo-

vician to Silurian (453 million to 422.9 million

years ago) and much greater disparity in fossil

forms in the aculiferan stem group. Character

combinations underscore the flexibility of the

molluscan genome to repeatedly redeploy mor-

phological adaptations.

Body plans in living Mollusca include evi-

dence of extensive convergence and character

shifts on shorter timescales. For example,

Juliidae, gastropods with bivalved shells, were

once thought to be a transitional form be-

tween gastropods and bivalves but instead rep-

resent a recently derived adaptation to a

specialized ecological niche (47). Endolithic

bivalves occur in 11 separate families; Verpa,

included here, has morphological modifica-

tions so extreme that it cannot be accommo-

dated in morphometric comparisons (48), but

this family has a Cenozoic origin (49).

Important evolutionary transitions often re-

quire the transformation of shell mineraliza-

tion and associated physiology, as seen in the

repeated colonization of terrestrial and fresh-

water environments among bivalves, gastro-

pods, and one estuarine cephalopod. Even the

few nonmarine lineages included in our study

show that terrestrialization events were time

independent andnot directly connected to global

patterns (Fig. 1). Morphological and ecological
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plasticity has been a constant throughout the

long history of the phylum.

Evolution of molluscan genomes

Broad taxon sampling now reveals that many

molluscan genomes have extremely high het-

erozygosity and a high proportion of repeti-

tive sequences (Fig. 3). These factors can result

in highly fragmented assemblies, with mixed

diploid sequences that are difficult to sepa-

rate clearly, and multiple steps are needed for

each new genome (1) (table S2). In Mollusca,

concurrent high heterozygosity results inmost

assembly sizes being larger than the estimated

genome size owing to the inclusion of another

haplotype (Fig. 3 and tables S2 and S6). Esti-

mates of heterozygosity for six of the eight

classes are above 1%, with some species above

4%; these rates easily surpass those of other

animal groups, such as Lepidoptera (butter-

flies and moths), where heterozygosity is con-

sidered high (50).

Genome features are not linearly correlated

to morphological or ecological adaptations.

Themorphologically conservedPolyplacophora

showvery high rates of chromosome rearrange-

ment (17). Well-conserved syntenic regions in

more recent radiations of animals, such as

mammals or birds, result in relatively similar

genome structures, facilitating whole-genome

comparisons (51, 52). A new understanding of

the variation inmolluscan genomes provides a

foundation for further work on fundamental

questions of genome evolution, including the

drivers of heterozygosity. Adding chromosome-

level genomes for molluscan groups (e.g.,

Monoplacophora) is needed for comprehensive

syntenic comparisons and to understand the

role of chromosome rearrangements in specia-

tion and cladogenesis. Several major lineages

still have no genomes available: the bivalve

clade Archiheterodonta and, at a finer scale,

the bivalve orders Nuculida and Trigoniida

(Neotrigonia is the only living member of an

order known otherwise from fossils). Adding

genomes for the gastropod order Cocculinida

may alter, or confirm, the position of Patel-

logastropoda. Increased taxon sampling, es-

pecially in scaphopods, is important to fully

understand molluscan topology.

Conclusions

Extensive economic and research interests have

consistently held Mollusca at the forefront of

diverse disciplines, including fisheries, neuro-

biology, ecotoxicology, and biomimetic design.

However, their extraordinary diversity funda-

mentally hinders a confident assessment of

their evolutionary history. The question of why

early genetic studies struggled to recover reliable

evolutionary patterns is potentially answered

by the extreme variability among genomes that

are now available for all classes and their major

clades within the phylum. Large-scale genomic

analyses across the tree of life have provided

inconclusive evidence regarding the drivers

of genetic diversity (53, 54). These analyses are

presently limited by incomplete sampling; to

establish general principles of organismal phe-

nome and genome, they must also include

Mollusca, the most extensive experiment in

animal body plans.

A stable topology for the total group Mol-

lusca is fundamental for understanding the

evolution of body plans and the fossil record.

Based on this new phylogeny, we infer that

the molluscan ancestor had a solid dorsal shell,

a foot, multiple dorsal-ventral and oblique

foot-retractor muscles, a radula, and no eyes.

Throughout the long evolutionary history of

Mollusca and continuing today, aspects of a

flexible genome led to a flexible phenome: End-

less forms of mollusks showcase the power of

animal evolution.
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When I started on the tenure 

track, I knew securing external 

funding was crucial to my success. 

And for health equity research, 

my specialty, NIH is the obvious 

choice. In graduate school, I spent 

countless hours refining my grant-

writing skills, knowing that no 

matter how strong my research 

was, none of it would matter with-

out funding to support it. I worked 

with mentors and researchers who 

invested in me, who believed in 

my ability to become an indepen-

dent researcher. They guided me 

through NIH’s proposal process, 

helping me sharpen my ideas, 

strengthen my applications, and 

navigate the often-opaque world 

of grant review. In my first year as 

an assistant professor, I was elated 

to be awarded the prestigious NIH 

Director’s Early Independence Award. It was supposed 

to be a launch pad to accelerate my research and career.   

But now, I submit proposals into a system where even 

NIH officers don’t know what will happen next. Will my 

grants ever be reviewed? What can I research? 

Every researcher understands rejection—that’s academia. 

At least it came with a clear timeline: feedback would ar-

rive, resubmission would be encouraged, and the next steps 

were relatively predictable. I used to tell myself that every 

unsuccessful grant was a learning experience—that even if I 

didn’t get funded, the process of writing the proposal would 

help me sharpen my research questions. 

The sheer ambiguity of the current situation, on the other 

hand, is much harder to manage. This uncertainty is affect-

ing every aspect of my work—and my current and potential 

future students. Every week spent writing grant proposals 

that may never be reviewed is a week not spent mentoring 

my students, analyzing data, or publishing. As early-career 

researchers, we are told to be strate-

gic in how we allocate our time—one 

of our most valuable resources—to 

make sure we are focusing on the 

tasks that will advance our careers. 

But how do you strategize around 

an unpredictable funding land-

scape? What does it mean to “work 

smarter” when there’s no clear path 

forward? I recently made the dif-

ficult decision not to recruit a new 

graduate student for next year; 

given the unpredictability of my re-

search funding, I can’t justify bring-

ing someone in when I’m not sure 

I’ll be able to provide the stability 

graduate school requires.

And then there is the added layer 

of identity. I am a Latina scientist, 

an immigrant, and a non-native 

English speaker. I have felt the pres-

sure of those labels throughout my 

career. And now, I can’t help but feel that weight even more 

keenly. In the broader context of what is happening to my 

community in this country, it feels trivial to worry about my 

personal funding and career progression. But it’s larger than 

me. So much of the support for minoritized scientists has 

come through targeted funding initiatives, mentorship pro-

grams, and institutional commitments to increasing diver-

sity in research—opportunities that are disappearing. 

Where do we go from here? I don’t have an answer. I don’t 

know what the next year will bring, what paylines will be, 

whether future proposals—or my research—will find a home. 

For now, my NIH application portal remains filled with 

blanks. I’ll keep checking. I’ll keep writing. I’ll keep doing 

what I can to move my research forward. But I, and so many 

others, can’t do this indefinitely. Something has to give. j

Violeta J. Rodriguez is an assistant professor at the University of Illinois 

Urbana-Champaign. Send your career story to SciCareerEditor@aaas.org.

“How do you strategize 
around an unpredictable 

funding landscape?”

Drowning in uncertainty

I 
open my application portal and see blank spaces where decisions should be. I reach out to my pro-

gram and review officers at the National Institutes of Health (NIH) about my grants in the pipe-

line, only to hear the same response each time: “We don’t have any information yet.” Nearly 2 years 

into my assistant professorship at an R1 institution, when I should be focused on my research, I 

don’t know where my future funding will come from. And there is the added threat that because of 

cuts to other government payments, the infrastructure supporting my work—grant support staff, 

purchasing teams, human resources staff—could also disappear. I sit in this space of waiting, fearing 

that years of effort, of my youth, were in vain.

By Violeta J. Rodriguez
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