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C
OVID-19 will be remembered for many things, 

including the pandemic that changed science 

communication. Much of the effect was positive. 

Outstanding epidemiologists, virologists, and 

public health experts became household names 

as they talked about the pandemic through 

mainstream media and social platforms. In the 

rapidly evolving situation, hearing directly from the 

scientific community was more important than ever. 

But former president Donald Trump and former vice 

president Mike Pence did enormous damage in the 

United States by appointing themselves scientists, lo-

gisticians, and chief economists and taking control of 

the information flow. The vaccine arrived, despite all 

the bungling, but in the meantime, 

many lives could have been saved 

had messages about dangers, chal-

lenges, and solutions come through 

more clearly. We still seem to be 

learning. Although the Biden admin-

istration appears to have a firmer 

grip on the crisis, it now faces a new 

surge of infections brought on by the 

variants and an increase in the num-

ber of states loosening restrictions. 

How can science be better commu-

nicated in the future, given what we 

have seen during the pandemic? 

Viewers of cable news will easily 

recognize Juliette Kayyem, a fixture 

on CNN who also appears occasion-

ally on other networks as a national 

security analyst. She was assistant secretary of Home-

land Security in the Obama administration and is now 

the Belfer Senior Lecturer in International Security 

at Harvard’s Kennedy School of Government (I was 

a consultant for a company run by her brother many 

years ago, but that business relationship has long since 

ended). Early in the pandemic, Kayyem was one of the 

first voices assuring the public that the supply chain 

would hold up and that there was no reason to raid 

the grocery stores for toilet paper and hand sanitizer. I 

asked her what scientists could do better in the future. 

The main message: Stay in their lane.

Kayyem consumes health intelligence the same way 

she consumes foreign intelligence or climate intelli-

gence and then uses it to create a message for poli-

ticians and the public. She thinks scientists did not 

do enough to acknowledge the economic devastation 

that was ushered in by shutting down the economy, 

which left an opening for the anti-lockdown voices to 

fight back. She believes scientists could have offered 

more hope along with the warnings. And she believes 

that the extreme voices on cable news and social me-

dia distracted scientists from seeing that most of the 

American public could understand the nuances of the 

situation better than they gave them credit for.

As for the early garbling of the mask message, she feels 

that some science experts ventured too far into logistics, 

rather than sticking to what they know. “They all say they 

didn’t want to promote masks initially because there 

wasn’t sufficient supply,” she said. “That’s not their call.” 

She was also critical of what she saw as a panic over vac-

cine supply. “Make us the vaccine,” she 

said, “but once you start getting into 

logistics and supply chain and the use 

of the Defense Production Act and all 

that, that’s not your lane.” As we ap-

proach 200 million shots in 100 days, 

Kayyem’s admonition rings true. In 

other words, just as we were lament-

ing the rise of armchair epidemiolo-

gists, some scientists inadvertently 

became armchair logisticians.

Though the public discussions on 

Twitter were sometimes exploited by 

malicious forces, Kayyem believes that 

overall, it is good for scientists to join 

the debate on social media, a point I 

made in an editorial earlier this year. 

She was also very complimentary of 

the scientists who became household names on social 

media and cable news, but she cautioned that “rockstar 

status can make you think that everyone wants your opin-

ion on everything.”

One of those scientists who became well known in 

the pandemic, Georgetown University virologist An-

gela Rasmussen, agrees that some ventured too far 

afield. “While I can understand the temptation to be 

thought of as a leading pandemic Public Thinker,” she 

says, “I remind myself that this isn’t the Renaissance 

and none of us are Leonardo da Vinci.”

These are important admonitions, but it is also salient 

to remember that the headwinds caused by President 

Trump were intense. We can only hope that in the next 

pandemic, the messages will have smoother sailing.

–H. Holden Thorp 

Scientists’ lanes and headwinds

H. Holden Thorp

Editor-in-Chief, 

Science journals. 

hthorp@aaas.org; 

@hholdenthorpe

10.1126/science.abi9363
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J
apan announced on 13 April it plans to release 

1.25 million tons of treated radioactive water 

from the damaged Fukushima Daiichi Nuclear 

Power Plant into the Pacific Ocean. The water 

has been used to cool nuclear fuel debris resulting 

from meltdowns of three reactors after an earth-

quake and tsunami hit the plant in March 2011. The gov-

ernment says complex filtration and dilution will reduce 

radiation to safe levels, and nuclear plants elsewhere do 

similar controlled releases. But environmental groups, 

fisheries organizations, and neighboring countries con-

demned it, with some saying the release will be vastly 

larger than at other plants, and scientists worry about 

the impact of the remaining trace amounts of radiation 

on marine life. The gradual release will start in 2023 

and take 40 years to complete.

NEWS

School closures slowed cases 
PUBLIC HEALTH |  School closures in the 

San Francisco Bay Area in spring 2020 

likely prevented more than 13,000 cases of 

COVID-19 there, scientists estimate this week 

in the Journal of the Royal Society Interface. 

Researchers surveyed families to determine 

how much the closures reduced numbers of 

social contacts; then they modeled the likely 

number of cases that would have occurred 

if schools had stayed open without any 

mitigation measures or with precautions 

such as masks, smaller class sizes, and 

keeping groups separate. With masks and 

Tons of micrometeorites—interplanetary dust from 

comets and asteroids—deposited annually on 

Earth’s surface. Larger fallen meteorites amount to 

less than 10 tons. (Earth & Planetary Science Letters)5200

NUCLEAR SAFETY

Japan to release Fukushima water into Pacific despite concerns

I N  B R I E F
Edited by Jeffrey Brainard

The Fukushima plant is 

running out of space to store 

tanks of radioactive water.

cohorts, elementary schools were less likely 

to contribute significantly to community 

spread than middle or high schools, the 

study’s authors concluded. 

Panel cautions on chimeras
BIOETHICS |  It’s extremely unlikely that 

brain “organoids” or animal brains trans-

planted with human neural cells will 

experience humanlike consciousness or 

pain anytime soon, and current oversight 

bodies and policies are adequate, a top-

level U.S. advisory panel said last week. 

Eleven scientists, ethicists, and legal experts 

convened by the National Academies 

of Sciences, Engineering, and Medicine 

reviewed these controversial and fast-

moving areas of neuro-science. Organoids 

are tiny, free-standing, brainlike structures 

grown from human stem cells. New controls 

may be needed, the panel’s report added, 

as researchers begin to create chimeras by 

injecting human stem cells into early animal 

embryos such as nonhuman primates (p. 

223). It said oversight committees might 

need more expertise if altered animals 

develop “enhanced capacities.” The report 

was requested by the National Institutes of 

Health, which in 2015 suspended funding 
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for chimera research with any species, 

partly because of potential cognitive 

changes in the animals. 

COVID-19 publishing gap eases
DIVERSITY |  The gender gap in authorship 

of COVID-19 research articles was most 

pronounced early in the pandemic but has 

narrowed, a study shows. Women served as 

first authors of 32% of a subset of  COVID-19 

papers published from February to May 

2020, a drop of 13 percentage points relative 

to publications in the same journals in the 

previous year. But the percentage of papers 

with women in this key authorship role rose 

to 41% by the period from October 2020 

to January. This same pattern of decline 

and partial rebound was observed across 

most of the globe, researchers reported last 

week in BMJ Open based on nearly 43,000 

COVID-19 papers. Women may have dis-

proportionately increased time spent on 

child care and other domestic duties, and 

men’s existing professional advantages 

may have helped them in the rush to pub-

lish papers about COVID-19, the authors 

said. They aren’t sure what caused the 

rebound, but said institutions and funders 

should help female scientists cope with 

the pandemic’s continuing impacts.

New York to end stem cell funds 
BIOMEDICINE |  Scientists are criticizing 

New York’s plan to eliminate one of the 

United States’s few state-level programs to 

fund stem cell research. Since its creation 

in 2007, the New York State Stem Cell 

Science program has awarded $370 million 

for research and education, although it has 

recently appeared dormant. Researchers 

were surprised in 2020 after they applied for 

up to 70 projects costing $50 million over 

3 years, but received no official response. 

In March, 10 Nobel laureates, includ-

ing Columbia University neuroscientist 

Eric Kandel, wrote to Governor Andrew 

Cuomo opposing the proposed cancella-

tion and worrying that “all the momentum 

gained” would end. But last week, the 

state Legislature killed the program in its 

2022 budget bill, which Cuomo is expected 

to sign. In contrast, California last year 

approved a $5.5 billion increase for its stem 

cell program.

THREE QS

Unraveling Long COVID
After the f rst surge of COVID-19 cases 

in spring 2020, a new worry emerged: 

Some infected people didn’t get better. 

Lingering symptoms, often referred to as 

Long COVID, include brain fog, intense 

fatigue, and loss of smell and taste. 

Emilia Liana Falcone of the Montreal 

Clinical Research Institute and Michael 

Sneller of the U.S. National Institute of 

Allergy and Infectious Diseases are 

each leading a Long COVID study 

that includes people who never caught 

the virus for comparison. (A longer 

version of this interview is at   

scim.ag/LongCOVID.)

Q: How did you get interested in 

Long COVID? 

Michael Sneller: About 6 years ago, I 

was asked to help lead a study of Ebola 

survivors in West Africa. I knew we needed 

to have a control group, in order to really 

determine whether any of the things we 

were seeing were related to Ebola per se. 

I learned a lot that I was able to apply to 

studying post-COVID syndrome. 

Emilia Liana Falcone: I spent almost 

9 years at the National Institutes of 

Health, where I was looking at long-term 

inflammatory complications in patients 

with inborn errors of immunity. It seemed 

highly plausible that given the intense 

inflammatory processes in acute  COVID-

19, there would be long-term effects. 

Q: Why study people who have not 

had COVID-19? 

E.L.F.: You need to control for the 

background noise. A pandemic creates 

anxiety, stress, insomnia, depression. 

We have to tease out what is really 

related to the infection.

M.S.: For example, there are published 

reports about tinnitus being a post-COVID 

problem. About 12% of our COVID group 

complains of tinnitus, and about 14% of 

the control group has tinnitus. 

Q: Some people develop enduring 

symptoms after infections other 

than  COVID-19. Is Long COVID another 

example of this? 

E.L.F.: Some of the neurological 

complications are common for sure after 

other infections. Certain features are not 

quite as common that we’re seeing now—

the loss of smell and taste. There’s also 

this new onset of some endocrinopathies, 

such as thyroid problems. It might be 

more distinctive of COVID.

IN FOCUS  A juvenile Mediterranean sea urchin (Paracentrotus lividus), looking like a 

futuristic machine, was among the runners-up in Olympus’s annual competition in 

life science light microscopy. The stained image, by Laurent Formery of the University 

of California, Berkeley, shows muscles (cyan), the nervous system (yellow), and DNA 

(blue) in the urchin’s pharynx region, about a half-millimeter wide.
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A
rare but very serious side effect that 

has complicated Europe’s COVID-19 

vaccination schedules for the past 

month has now thrown a wrench into 

U.S. immunization efforts as well. Re-

searchers believe the problem, char-

acterized by dangerous blood clots and low 

platelet counts, may be triggered by vaccines 

produced by AstraZeneca and Johnson & 

Johnson (J&J), which both contain a modi-

fied adenovirus. They have identified an er-

rant immune reaction as the possible cause, 

but don’t yet understand how it arises.

There are 222 suspected cases of the 

syndrome so far in Europe among 34 mil-

lion people who have received their first 

dose of the AstraZeneca vaccine, recently 

named Vaxzevria; more than 30 have died. 

The European Medicines Agency (EMA) on 

7 April acknowledged “a probable causal 

association” between the syndrome and 

the vaccine, and some countries have re-

stricted Vaxzevria to older age groups at 

higher risks of severe COVID-19.

On 13 April, U.S. authorities said they 

would pause use of the J&J vaccine, which 

6.8 million people have received so far, af-

ter six similar cases, including one death. 

The move was out of “an abundance of cau-

tion,” said Peter Marks of the U.S. Food and 

Drug Administration (FDA), and prompted 

in part by the similarity to the symptoms 

observed in Europe. In response, J&J said 

it would “proactively delay the rollout of 

our vaccine in Europe,” where it was re-

cently authorized for use.

As Science went to press, a joint commit-

tee of FDA and the Centers for Disease Con-

trol and Prevention was expected 

to meet on 14 April to assess the 

cases and advise on further use of 

the J&J vaccine. (FDA has not yet 

authorized use of the AstraZeneca 

vaccine.) The similar problems on 

both sides of the Atlantic Ocean 

“really increase the concern for 

a vaccine-related complication,” 

says hematologist Gowthami Arepally of 

Duke University School of Medicine, who 

is an external consultant with AstraZeneca.

So far, no similar cases have been re-

ported in people who received Russia’s Sput-

nik V or China’s CanSino Biologics vaccine, 

which are both based on an adenovirus as 

well. But data on those vaccines have been 

limited, and it isn’t clear that regulators in 

regions where they have been used would 

either pick up on or report such safety sig-

nals, says Peter Hotez, a virologist and vac-

cine expert at Baylor College of Medicine. 

(Hotez is involved in the development of a 

protein-based COVID-19 vaccine.)

Researchers stress that the troubles by no 

means spell the end for the two vaccines. 

In the vast majority of cases, their benefits 

outweigh the risks, and the cheap and easy 

to store shots still offer the best hope for 

vaccinating large numbers of people in low- 

and middle-income countries.

On 9 April in The New Eng-

land Journal of Medicine, one 

research team published its ob-

servations on 11 Vaxzevria re-

cipients in Germany and Austria  

and another published data on 

five patients in Norway. Both 

found that symptoms resemble a 

rare reaction to the drug heparin, called 

heparin-induced thrombocytopenia (HIT), 

in which the immune system makes anti-

bodies to a complex of heparin and a 

protein called platelet factor 4 (PF4), trig-

gering platelets to form dangerous clots 

throughout the body. Sickened vaccine 

recipients also had antibodies to PF4, the 

researchers found. They propose calling 

the syndrome vaccine-induced immune 

thrombotic thrombocytopenia.

By Kai Kupferschmidt and Gretchen Vogel

COVID-19

Vaccine link to serious clotting disorder firms up
Rare symptoms seen in AstraZeneca recipients occur after Johnson & Johnson shot as well

I N  D E P T H

People line up to receive 

AstraZeneca’s COVID-19 vaccine 

in Belfast, Northern Ireland.

Science’s 

COVID-19 

reporting is 

supported 

by the 

Heising-Simons 

Foundation.
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One of the groups, led by clotting expert 

Andreas Greinacher of the University of 

Greifswald, also speculates about a mecha-

nism. Vaxzevria, the J&J shot, and similar 

vaccines consist of an adenovirus engineered 

to infect cells and prompt them to produce 

the pandemic coronavirus’ spike protein. 

Among the 50 billion virus particles in each 

Vaxvrezia dose, some may break apart and 

release their DNA, Greinacher says. Like 

heparin, DNA is negatively charged, which 

could cause it to bind to PF4, which has a 

positive charge. The complex might then 

trigger the production of antibodies, espe-

cially when the immune system is on high 

alert because of the vaccine.

Alternatively, the antibodies may already 

be present in the patients and the vaccine 

may just boost them. Many healthy people 

harbor antibodies against PF4, but they are 

kept in check by an immune mechanism 

called peripheral tolerance, Arepally says. 

“When you get vaccinated, sometimes the 

mechanisms of peripheral tolerance get dis-

rupted,” she says. “When that happens does 

that unleash any autoimmune syndromes 

that you are predisposed to, like HIT?”

Several early ideas about a cause could 

not be substantiated. A past bout of 

COVID-19 is not the issue; none of the five 

patients in Norway had been infected. Oth-

ers have suggested antibodies against the 

virus’ spike protein—which many vaccines 

seek to elicit—also recognize PF4, which 

could spell trouble for many COVID-19 vac-

cines. But so far, there is no evidence that 

the messenger RNA–based vaccines made 

by the Pfizer-BioNtech collaboration and 

Moderna, which tens of millions of people 

have received in both the United States 

and Europe, are causing similar disorders.

For Vaxzevria, Greinacher and his collabo-

rator Rolf Marschalek, a molecular biologist 

at Frankfurt University, are calling for tests 

of a simple solution: halving the dose. In 

AstraZeneca’s phase 3 trial in the United 

Kingdom, a small number of people acciden-

tally received a lower dose and had fewer side 

effects in general; perhaps a reduced dose is 

also less likely to trigger the kind of strong 

inflammation that boosts PF4 antibodies, 

the researchers say. And unexpectedly, those 

people were slightly better protected, per-

haps because high levels of inflammation 

can actually block the formation of antibod-

ies. “Part of the problem might be that they 

just overdose” the vaccine, Greinacher says.

That remains to be seen, Cox cautions. 

But if the hunch proves correct, what looked 

like a terrible blow for one of the world’s 

most important weapons against the pan-

demic might be good news in disguise: Sup-

plies of the vaccine could protect twice as 

many people—with fewer side effects. j

Biden proposes a funding surge—
and new agencies to manage it
White House floats three new ARPA-like research offices 
in 2022 spending request to Congress

U.S. SCIENCE POLICY

P
resident Joe Biden wants to go big 

and bold on science. The research 

community loves the big, but it has 

questions about the bold—especially 

Biden’s plan for three new funding 

entities dedicated to health, technol-

ogy, and climate.

Last week, in his 2022 budget request, 

Biden laid out a $1.5 trillion blueprint that 

would increase discretionary spending by 

8.4%. The $118 billion bump would fund 

healthy boosts at many federal research 

agencies (see table, right), including 20% 

hikes at the two largest: the National In-

stitutes of Health (NIH), to $51 billion, and 

the National Science Foundation (NSF), to 

$10.2 billion. Biden is also asking Congress 

to expand their missions, creating units that 

would build on their basic research portfo-

lios to address pressing societal problems.

NIH would get $6.5 billion to stand up 

an Advanced Research Projects Agency-

Health (ARPA-H) initially focused on can-

cer, diabetes, and Alzheimer’s disease. NSF 

would get a new technology directorate, of 

an unspecified size, that would lead the na-

tion’s efforts to outinnovate China (Science, 

9 April, p. 112). Biden also wants to create 

an ARPA-Climate to take more aggressive 

steps against global warming, although he 

didn’t say where it would be housed.

The model for all three entities is the 

military’s Defense Advanced Research 

Projects Agency (DARPA). Created during 

the Cold War, DARPA has both developed 

high-tech weaponry and funded research 

on civilian technologies that have spawned 

trillion-dollar industries. In the past 

2 decades, lawmakers have used DARPA’s 

template to create three additional ARPAs 

tasked with combating bioterrorism, de-

veloping new energy technologies, and as-

sisting the intelligence community.

Arati Prabhakar, a former DARPA direc-

tor, calls the approach “solutions R&D.” 

She’s thrilled that the Biden administra-

tion wants to expand on it. “The presi-

dent is asking the R&D community to help 

with some of the biggest problems facing 

the country,” says Prabhakar, who in 2019 

founded Actuate, a California-based non-

profit working with private philanthropy 

to tackle some of those challenges.

Unlike most federal research agencies, 

which rely on scientists to submit ideas 

that fit into long-standing program ar-

eas and ask outside experts to judge their 

merit, DARPA gives its program manag-

ers the freedom to both solicit proposals 

and decide which should be funded. They 

are also quick to end projects that aren’t 

making sufficient progress toward interim 

milestones. In contrast, other agencies that 

award basic research grants often give in-

vestigators considerable leeway to change 

course during the lifetime of the award.

Prabhakar says those features have 

helped DARPA be successful. But she 

warns against “tarnishing the brand [by] 

slapping the label on something that isn’t 

really DARPA.” It’s important, she says, 

that any new DARPA clone address a press-

ing national need that can be met with in-

novative technology.

The president’s 9 April budget outline 

doesn’t give many details about ARPA-H. 

But the idea has been around for decades, 

and advocates say it meets Prabhakar’s test. 

They argue that not enough NIH-funded 

research leads to treatments and cures. 

“ARPA-H is recognition that funding basic 

research doesn’t necessarily drive commer-

cial innovation and that there are market 

By Jeffrey Mervis

NE WS

NIH $51 billion (20% increase)

NSF $10.2 billion (20% increase)

DOE science $7.4 billion (5.5% increase)

NASA earth science $2.25 billion (12.5% increase) 

NOAA $6.9 billion (16% increase) 

EPA $11 billion (21% increase)

NIST labs $916 million (16% increase)

ARPA-Energy and 

new ARPA-Climate

$1 billion combined, up from 
$427 million for ARPA-E alone

A rising tide
A White House outline of President Joe Biden’s 2022 
budget request included these highlights for research.
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failures,” says geneticist Michael Stebbins, 

a consultant and former White House sci-

ence office official. The new agency would 

help promising ideas cross the so-called val-

ley of death that prevents many discoveries 

from reaching patients. He thinks ARPA-H’s 

proposed $6.5 billion budget is warranted 

“because of the scale of the challenge.”

Breaking the existing NIH mold is im-

portant, agrees Robert Cook-Deegan, a 

research policy professor at Arizona State 

University, Tempe, and longtime propo-

nent of a DARPA-like agency at NIH. “I’m 

totally in favor of giving senior NIH people 

a lot of money and the flexibility to push 

the boundaries and work outside the exist-

ing system of peer review,” he says. But he 

wonders about the premise that new tech-

nologies are the key to improving health 

outcomes in the United States. “I’m not 

sure that curing cancer is an engineering 

problem,” he says.

As vice president, Biden became a cham-

pion of cancer research after his son Beau 

Biden died from brain cancer in 2015, and 

he led the Obama administration’s Cancer 

Moonshot that aimed to accelerate cures. 

He floated the idea of ARPA-H during 

his presidential campaign and more re-

cently during a visit to a plant making a 

COVID-19 vaccine.

But Biden’s plan to place ARPA-H within 

the notoriously cautious NIH surprised 

some of the idea’s staunchest advocates. “If 

it’s just another fund within the NIH, we’re 

not optimistic that it’s going to succeed,” 

says Liz Feld, president of the Suzanne 

Wright Foundation, a pancreatic cancer re-

search advocacy group. Instead, Feld and 

allies want ARPA-H to stand alone within 

NIH’s parent agency, the Department of 

Health and Human Services.

Other research advocates worry ARPA-

H would divert money from NIH’s existing 

27 institutes and centers and say it should 

start smaller. “We do not believe it is in the 

nation’s interest to channel funding away 

from other research priorities,” says Mary 

Woolley, president of Research!America, 

which is seeking a 10% boost for NIH’s 

core programs.

The fate and final form of ARPA-H and the 

other proposed ARPA-like entities will not 

be clear for months. Biden’s proposal is the 

opening move in a budget process for the fis-

cal year that begins on 1 October and will in-

volve extensive negotiations with Congress. 

Separately, legislators have already started 

to debate Biden’s $2 trillion infrastructure 

plan, which includes a one-time injection of 

$200 billion for a host of research initiatives, 

including the new tech directorate at NSF. j

With reporting by Jocelyn Kaiser. 

E
statuas cave in northern Spain was a 

hive of activity 105,000 years ago. Arti-

facts show its Neanderthal inhabitants 

hafted stone tools, butchered red deer, 

and may have made fires. They also 

shed, bled, and excreted subtler clues 

onto the cave floor: their own DNA. “You 

can imagine them sitting in the cave mak-

ing tools, butchering animals. Maybe they 

cut themselves or their babies pooped,” says 

population geneticist Benjamin Vernot, a 

postdoc at the Max Planck Institute for Evo-

lutionary Anthropology (MPI-EVA ), whose 

perspective may have been colored by his 

own baby’s cries during a Zoom call. “All that 

DNA accumulates in the dirt floors.”

He and MPI-EVA geneticist Matthias 

Meyer report this week in Science that dirt 

from Estatuas has yielded molecular trea-

sure: the first nuclear DNA from an ancient 

human to be gleaned from sediments. Ear-

lier studies reported shorter, more abun-

dant human mitochondrial DNA (mtDNA) 

from cave floors, but nuclear DNA, previ-

ously available only from bones and teeth, 

can be far more informative. “Now, it 

seems that it is possible to extract nuclear 

DNA from dirt, and we have a lot of dirt in 

archaeological sites,” says archaeologist 

Marie Soressi of Leiden University.

“This is a beautiful paper,” agrees popula-

tion geneticist Pontus Skoglund of the Fran-

cis Crick Institute. The sequences reveal 

the genetic identity and sex of ancient cave 

dwellers and show that one group of Nean-

derthals replaced another in the Spanish 

cave about 100,000 years ago, perhaps after 

a climate cooling. “They can see a shift in 

Neanderthal populations at the very same 

site, which is quite nice,” Skoglund says.

To date, paleogeneticists have managed 

to extract ancient DNA from the bones or 

teeth of just 23 archaic humans, including 

18 Neanderthals from 14 sites across Eur-

asia. In search of more, Vernot and Meyer’s 

team sampled sediment from well-dated 

layers in three caves where ancient humans 

are known to have lived: the Denisova and 

Chagyrskaya caves in Siberia and Estatuas 

cave in Atapuerca, Spain.

In what Skoglund calls “an amazing tech-

nical demonstration,” they developed new 

genetic probes to fish out hominin DNA, 

allowing them to ignore the abundant se-

quences from plants, animals, and bacteria. 

Then, they used statistical methods to home 

in on DNA unique to Neanderthals and 

compare it with reference genomes from 

Neanderthals in a phylogenetic tree.

All three sites yielded Neanderthal nu-

clear and mtDNA, with the biggest surprise 

coming from the small amount of nuclear 

DNA from cave dirt traces 
Neanderthal upheaval
First nuclear DNA from sediment shows turnover, 
migration among ancient cave dwellers in Spain

PALEOANTHROPOLOGY

By Ann Gibbons

Researchers excavating Estatuas cave in Spain found a long record of Neanderthal DNA in the sediments. 
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DNA from multiple Neanderthals in Estat-

uas cave. Nuclear DNA from a Neanderthal 

male in the deepest layer, dating to about 

113,000 years ago, linked him to early Nean-

derthals who lived about 120,000 years ago 

in Denisova cave and in caves in Belgium 

and Germany.

But two female Neanderthals who lived 

in Estatuas cave later, about 100,000 years 

ago, had nuclear DNA more closely match-

ing that of later, “classic” Neanderthals, 

including those who lived less than 70,000 

years ago at Vindija cave in Croatia and 

60,000 to 80,000 years ago at Chagyrskaya 

cave, says co-author and paleoanthropo-

logist Juan Luis Arsuaga of the Complutense 

University of Madrid. 

At the same time, the more plentiful 

mtDNA from Estatuas cave shows declining 

diversity. Neanderthals in the cave 113,000 

years ago had at least three types of mtDNA. 

But the cave’s Neanderthals 80,000 and 

107,000 years ago had only one type. Exist-

ing ancient DNA from Neanderthal bones 

and teeth had also pointed to a falloff in ge-

netic diversity over the same period.

Arsuaga suggests Neanderthals thrived 

and diversified during the warm, moist inter-

glacial period that started 130,000 years ago. 

But about 110,000 years ago, temperatures in 

Europe dipped suddenly as a new glacial pe-

riod set in. Soon after, all but one lineage of 

Neanderthals disappeared. Members of the 

surviving lineage repopulated Europe during 

later, relatively warm spells, with some tak-

ing shelter in Estatuas cave.

Those survivors and their descen-

dants include what Arsuaga calls the “fa-

mous” classic Neanderthals, such as skulls 

from Vindija and La Ferrassie in France. 

He notes they had bigger brains—up to 

1750 cubic centimeters (cm3)—than earlier 

Neanderthals, whose cranial capacities 

were no larger than 1400 cm3. Arsuaga says 

this mirrors a similar pattern in modern 

humans in Africa, who also underwent a 

surge in brain size and multiple population 

replacements with the onset of the ice age.

“This pattern—dispersal over perhaps 

long distances and population replacement 

or admixture—is one that we find almost 

everywhere we look,” in humans or other 

mammals, says Beth Shapiro, a molecular 

biologist at the University of California, 

Santa Cruz.

Cave dirt DNA is likely to yield more clues. 

Paleogeneticist Viviane Slon, a co-author of 

the Science paper now at Tel Aviv Univer-

sity, says she and the MPI-EVA team are 

analyzing ancient DNA from sediments at 

dozens of sites worldwide. “Hopefully soon, 

we’ll start to get a very high-resolution, 

fine-scale view of ancient humans and who 

was where at what time,” she says. j

Lab-grown embryos mix human 
and monkey cells
Insights from these chimeras could boost efforts to grow 
replacement human organs in livestock 

BIOMEDICINE

B
y slipping human stem cells into the 

embryos of other animals, we might 

someday grow new organs for people 

with faltering hearts or kidneys. In 

a step toward that goal, researchers 

have created the first embryos with a 

mixture of human and monkey cells. These 

chimeras could help scientists hone tech-

niques for growing human tissue in species 

better suited for transplants, such as pigs.

“The paper is a landmark in the stem cell 

and interspecies chimera fields,” says stem 

cell biologist Alejandro De Los Angeles of 

Yale University. The findings hint at mech-

anisms by which cells of one species can 

adjust to survive in the embryo of another, 

adds Daniel Garry, a stem cell biologist at the 

University of Minnesota (UM), Twin Cities.

In 2017, researchers reported 

growing pancreases from 

mouse stem cells inserted into 

rat embryos. Transplanting the 

organs into mice with diabe-

tes eliminated the disease. But 

cells from more distantly re-

lated species, such as pigs and 

humans, haven’t gotten along 

as well. That same year, devel-

opmental biologist Juan Carlos 

Izpisúa Belmonte of the Salk Institute for 

Biological Studies and colleagues reported 

injecting human stem cells into pig embryos. 

After the embryos had developed in surro-

gate mother pigs for 3 to 4 weeks, only about 

one in 100,000 of their cells were human.

The pig study used human skin cells that 

had been reprogrammed into stem cells. 

But so-called extended pluripotent stem 

(EPS) cells, made by exposing stem cells 

to a certain molecular cocktail, can spawn 

a greater variety of tissues. In the new 

study, Izpisúa Belmonte, reproductive bio-

logist Weizhi Ji of Kunming University of 

Science and Technology, and colleagues 

tested those more capable cells in a closer 

human relative—cynomolgus monkeys. 

They inserted 25 human EPS cells into each 

of 132 monkey embryos and reared the chi-

meras in culture dishes for up to 20 days. 

The team reports this week in Cell that 

the human cells showed staying power: Af-

ter 13 days, they were still present in about 

one-third of the chimeras. The human cells 

seemed to integrate with the monkey cells 

and had begun to specialize into cell types 

that would develop into different organs.

By analyzing gene activity, the research-

ers identified molecular pathways that 

were switched on or turned up in the chi-

meras, possibly promoting integration be-

tween human and monkey cells. Izpisúa 

Belmonte says manipulating some of those 

pathways may help human cells survive in 

embryos of species “more appropriate for 

regenerative medicine.”

Still, the human and monkey cells didn’t 

quite mesh, notes UM stem cell biologist 

Andrew Crane. The human cells often stuck 

together, making him wonder whether 

there’s “another barrier that we aren’t see-

ing” that could prevent human 

cells from thriving if the em-

bryos were to develop further.

In the United States , federal 

funding cannot be used to cre-

ate certain types of chimeras, 

including early nonhuman 

primate embryos containing 

human stem cells. The new 

study was performed in China 

and funded by Chinese govern-

ment sources, a Spanish university, and a 

U.S. foundation. Bioethicist Karen Maschke 

of the Hastings Center in New York says she 

is satisfied that the work, which passed lay-

ers of institutional review and drew on ad-

vice from two independent bioethicists, was 

performed responsibly.

Human-monkey chimeras do raise a 

worry, addressed in a report released last 

week by the National Academies of Sci-

ences, Engineering, and Medicine (p. 218): 

that human nerve cells might enter ani-

mals’ brains and alter their mental capa-

bilities. But that concern is moot for the 

chimeras in this study because they don’t 

have a nervous system. They “can’t experi-

ence pain and aren’t conscious,” says bio-

ethicist Katrien Devolder of the University 

of Oxford. “If the human-monkey chimeras 

were allowed to develop further,” she says, 

“that would be a very different story.” j

By Mitch Leslie

The chimeras 
“can’t experience 

pain and aren’t 
conscious.”

Katrien Devolder, 

University of Oxford



T
he U.S. National Academy of Sci-

ences (NAS) is moving for the first 

time to expel sexual harassers from 

its membership. Science has learned 

that the institution is adjudicating 

complaints that could lead to the 

ejection of astronomer Geoffrey Marcy and 

evolutionary biologist Francisco Ayala.

The process is unfolding 2 years after the 

prestigious, 158-year-old academy changed 

its bylaws to allow expulsion of members. 

Until then, membership had been for life. 

Rescinding membership is the most dras-

tic penalty under the new rules, which also 

allow for lesser sanctions.

 With the potential moves against Marcy 

and Ayala, “We are watching social change 

happening in front of our eyes,” says Nancy 

Hopkins, an NAS member and emeritus 

biologist at the Massachusetts Institute of 

Technology. “It has been a long time coming.”

Scientists are elected to NAS by exist-

ing members and serve as advisers who 

develop reports for the U.S. government. 

NAS’s 2342 U.S. members are on average 

72 years old; 81% are men.

In June 2019, NAS changed its bylaws 

to allow a member to be ousted if an em-

ployer, funder, or other institution docu-

mented violations that breach NAS’s Code 

of Conduct; that code bars “all forms of 

discrimination, harassment and bullying,” 

as well as plagiarism and other offenses 

(Science, 7 June 2019, p. 916). But no one 

came forward to complain about an al-

leged sexual harasser. In September 2020, 

François-Xavier Coudert, a computational 

chemist at CNRS, the French national re-

search agency, read a news article in Na-

ture noting that at the time the academy 

had received no such complaints.

Anyone can file a complaint, but Coudert 

says the idea of bringing the allegations him-

self “felt weird because I am not … based in 

the U.S. and I know none of these people.” 

But after he called out NAS on Twitter, Presi-

dent Marcia McNutt responded: “FILE A 

COMPLAINT already.”

He did so on 21 September, in an email he 

provided to Science, alleging that four NAS 

members were guilty of sexual harassment: 

Ayala; Marcy; Sergio Verdú, an information 

theorist formerly at Princeton University; 

and Inder Verma, a cancer biologist formerly 

at the Salk Institute for Biological Studies. 

(Others later also filed complaints with NAS.)

Marcy was forced out of the University 

of California (UC), Berkeley, in 2015 after 

BuzzFeed published details of the universi-

ty’s Title IX investigation finding him guilty 

of sexual harassment, including kissing 

and groping students. (Marcy repeatedly 

apologized for being a “source of dis-

tress” to women, but disagreed with some 

of their complaints. He did not respond 

to Science’s requests for comment on the 

NAS proceedings.)

Ayala was terminated from UC Irvine in 

2018, after a Title IX investigation found 

that he had sexually harassed colleagues 

including making sexually suggestive com-

ments and inviting a junior professor to sit 

on his lap (Science, 27 July 2018, p. 316). 

Ayala told Science last week that he “abso-

lutely” denies the allegations. NAS Execu-

tive Director Ken Fulton wrote to Coudert 

in November that the academy had begun 

to adjudicate the cases of Ayala and Marcy.

In the case of Verma, Science in 2018 

published accounts spanning 40 years 

from eight women who alleged he sexu-

ally harassed them; Verma denied the al-

legations (Science, 4 May 2018, p. 480). 

Salk also investigated, but kept its find-

ings under wraps. That prevented NAS 

from moving forward, Fulton implied to 

Coudert. NAS requires official findings of 

sexual harassment by an organization with 

jurisdiction over an NAS member. “The 

NAS cannot act on the basis of media re-

ports,” Fulton wrote.

Princeton dismissed Verdú in 2018 af-

ter a Title IX investigation concluded that 

he sexually harassed one of his graduate 

students, and a separate probe found he 

violated a policy prohibiting consensual 

relationships with students. He has denied 

both allegations. NAS is deferring action 

in the case pending the outcome of a law-

suit Verdú filed against Princeton, Fulton 

told Coudert.

NAS has received a complaint of sexual 

harassment against a fifth NAS member, 

which is also being held pending more 

information, McNutt says. (NAS keeps 

the names of accused members confiden-

tial.) NAS has also received three other 

complaints, alleging bullying, unspecified 

“non-scientific misconduct,” and raising an 

authorship dispute. All were dismissed for 

want of documentation, McNutt says.

The major impact of the new rules may 

be preemptive, McNutt thinks. “The big-

gest change I have witnessed is how much 

the members are taking into account the 

conduct of colleagues before putting them 

forward for membership,” she says.

Hopkins welcomes that information. 

“That’s very exciting and it’s a reflection of 

the change we want,” she says. “It used to 

be ‘Oh well, if someone’s a great scientist 

we will put up with anything.’” j
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NAS evaluates ejecting Marcy, 
Ayala for sexual harassment
First cases slowly proceeding 2 years after change 
in academy’s bylaws allowed members to be ousted

By Meredith Wadman
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his month, scientists at the Chico 

Mendes Institute for Biodiversity 

Conservation (ICMBio), Brazil’s lead 

agency for studying and managing 

the nation’s vast protected areas, had 

to start abiding by an unwelcome 

new rule. It gives one of ICMBio’s top of-

ficials the authority to review all “manu-

scripts, texts and scientific compilations” 

before they are published.

Researchers fear President Jair Bolsonaro’s 

administration, which has a markedly hos-

tile relationship with Brazil’s scientific com-

munity, will use the reviews to censor studies 

that conflict with its ongoing ef-

forts to weaken environmental 

protections. The administration 

says that is not the intent. But 

the move adds to recent devel-

opments that have rattled many 

Brazilian scientists and left some 

fearing for their jobs and even 

their physical safety.

“Science is being attacked on 

several fronts,” says ecologist 

Philip Fearnside of the National 

Institute of Amazonian Research 

(INPA). “There is denial of the 

pandemic, denial of climate 

change, denial of deforestation; 

not to mention budget cuts.”

Bolsonaro’s grievances with sci-

entists date back to the start of his 

administration in 2019. Then, he 

accused the National Institute for Space Re-

search of “lying” about satellite data showing 

increased deforestation in the Amazon and 

fired its director, physicist Ricardo Galvão, 

after he defended the numbers. Since then, 

Bolsonaro has clashed with researchers over 

issues including his persistent rejection of 

science-based strategies for combating the 

COVID-19 pandemic, which has killed at 

least 355,000 Brazilians. Recently, the rela-

tionship has become even tenser.

In February, Brazil’s anticorruption 

agency, the Office of the Comptroller Gen-

eral, informed epidemiologist Pedro Hallal, 

former rector of the Federal University of 

Pelotas, that he could be fired because he 

criticized Bolsonaro during an event in 

January. Hallal, who coordinates Brazil’s 

largest  COVID-19 epidemiology research 

project, had called Bolsonaro “despicable,” 

citing the president’s antivaccination rhet-

oric and his meddling in the selection of 

university rectors.

Hallal ultimately reached a settlement 

with the comptroller’s office, promising not 

to “promote expression of appreciation or 

disapproval in the workplace” for 2 years. 

But he remains defiant. “If the idea was to 

silence me, I have to say it backfired,” he 

says. “It’s motivating me to be even more 

critical and say what needs to be said.” But 

the climate is silencing colleagues, he says. 

“A lot of people are saying less than they 

would like to, for fear of retaliation.”

Scientists are also reconsidering what 

they study and publish, says Marcus 

Lacerda, an infectious disease special-

ist with the Oswaldo Cruz Foundation in 

Manaus, Brazil. Last year, he faced intense 

inquiries from federal prosecutors—and 

received death threats—after he published 

work on the health risks of treating 

 COVID-19 patients with the drug chloro-

quine. (Bolsonaro promoted chloroquine 

despite evidence it is ineffective against 

 COVID-19.) “A lot of people are afraid to pub-

lish after what happened to me,” Lacerda 

says. Colleagues have abandoned  COVID-19 

studies, he adds, in order to avoid online ha-

rassment by what is known as  Bolsonaro’s 

“digital militia.”

In one case, online harassment appears 

to have escalated to a physical attack. After 

biologist Lucas Ferrante, a doctoral candi-

date at INPA, published articles criticizing 

Bolsonaro’s policies in high-profile journals 

(including Science), his cellphone and so-

cial media accounts lit up with threats. 

Then, in November 2020, he says he was 

attacked by a man driving what he thought 

was an Uber vehicle he had hailed; the 

man told Ferrante he “needed to shut up” 

and attacked him with a sharp object.

Last week, a group of Brazilian research-

ers cited safety concerns in explaining why 

they did not sign their names to a white 

paper, published by the Climate Social Sci-

ence Network at Brown University, that 

outlines Bolsonaro’s efforts to dismantle 

environmental protections. They decided 

to remain anonymous “for security reasons 

and considering the current political sce-

nario in Brazil,” they wrote.

At ICMBio, the new oversight 

rule adopted on 1 April gives re-

view authority to the institute’s 

biodiversity research director, 

one of four ICMBio directors who 

serve under the institute’s presi-

dent. In a statement, institute offi-

cials portrayed the order as simply 

a bureaucratic shift, noting that 

ICMBio’s president previously had 

review authority. “There is no cen-

sorship,” it states. But researchers 

note that none of the top ICMBio 

officials is a scientist trained to 

conduct technical reviews; all are 

former military police officers 

or firefighters.

A similar rule was issued last 

month at Brazil’s Institute for 

Applied Economic Research, a major fed-

eral research center.

The political pressure comes on top of a 

deepening science funding crisis. Govern-

ment spending on research has shrunk by 

some 70% from a 2014 peak, and Bolsonaro 

recently cut this year’s overall science min-

istry budget by 29%.

The constant conflict is wearing down 

Brazilian researchers, says Mercedes 

Bustamante, an ecologist at the University 

of Brasília and co-founder of the Science 

and Society Coalition, a group created in 

2019 to promote science-based policies. “I 

am so exhausted of having to defend myself 

all the time,” she says. “Meanwhile, all the 

important issues that we really should be 

tackling are being left behind.” j

Herton Escobar is a journalist in São Paulo.

President Jair Bolsonaro (center), maskless despite Brazil’s COVID-19 crisis, 

has a frosty relationship with the nation’s scientific community.

By Herton Escobar

SCIENCE IN BRAZIL 

Researchers face attacks from Bolsonaro regime
Harassment, budget cuts leave many fearing for their jobs and safety
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T
alk about raining on your colleagues’ 

parade. On 7 April, a collaboration 

of more than 200 experimenters an-

nounced to great fanfare that a par-

ticle called the muon is slightly more 

magnetic than predicted by physi-

cists’ standard model, a discrepancy that 

could signal new particles waiting to be 

discovered (Science, 9 April, p. 113). But on 

the same day, 14 theorists published a pa-

per that suggests the consensus theoretical 

prediction is wrong. Their value sits closer 

to the experimental result and makes the 

tantalizing discrepancy nearly vanish.

“The standard model is just fine, 

according to our calculation,” says 

Zoltan Fodor, a theorist at Pennsyl-

vania State University, University 

Park, and the leader of the Budapest-

Marseille-Wuppertal (BMW) col-

laboration, which produced the new 

theoretical result. However, others say 

it’s too early to throw out the previ-

ous calculation, which is the product 

of decades of painstaking effort. “We 

can’t immediately ignore everything 

we know and switch over to a single 

new result of a new method,” says 

Christoph Lehner, a theorist at the 

University of Regensburg.

A heavier, unstable cousin of the 

electron, the muon acts like a tiny bar 

magnet, and its magnetism provides a 

means to dowse for hints of new parti-

cles. Quantum mechanics and relativity 

demand that the muon have a certain 

basic magnetism. Thanks to quantum 

uncertainty, particles and antiparticles 

also constantly flit in and out of exis-

tence around the muon. These “virtual” par-

ticles cannot be observed directly, but they 

can affect the muon’s properties, including 

magnetism. Standard model particles should 

increase its magnetism by about 0.1%, and 

as-yet-unknown particles would add their 

own boost. Such particles might someday be 

blasted into existence at an atom smasher.

That’s why physicists were so excited 

when the Muon g-2 experiment at Fermi 

National Accelerator Laboratory con-

firmed a 20-year-old hint that the muon is 

about 2.5 parts per billion more magnetic 

than the standard model predicts, accord-

ing to the consensus value, hammered out 

last year by the 132-member Muon g-2 

Theory Initiative.

To make that prediction, the theorists 

had to account for the thousands of ways 

standard model particles can flit about the 

muon and affect its behavior. One family 

of processes, known as hadronic vacuum 

polarization, is especially challenging and 

limits the precision of the entire calcula-

tion. In it, the muon emits and reabsorbs 

particles known as hadrons, which consist 

of other particles called quarks. The theory 

of quarks and the strong nuclear force that 

binds them, quantum chromodynamics 

(QCD), is so unwieldy that theorists can-

not calculate the effects through the usual 

series of ever smaller approximations. In-

stead, they have to rely on data from ac-

celerators that create hadrons by colliding 

electrons and positrons.

There is another way, however. Theorists 

can attempt brute-force QCD calculations 

on supercomputers, if they model the con-

tinuum of space and time as a lattice of 

discrete points occupied by quarks and par-

ticles called gluons, which convey the strong 

force. Twelve years ago, theorists showed 

this “lattice QCD” technique could calculate 

the masses of the proton and the neutron, 

which are both hadrons. Several groups have 

also applied the lattice to the muon’s mag-

netism, albeit with sizable uncertainties.

Now, using hundreds of millions of pro-

cessor hours at the Jülich Research Center 

in Germany, Fodor’s group has produced a 

lattice calculation of the hadronic vacuum 

polarization and a value for the muon’s mag-

netism that rivals the consensus standard 

model value in precision. And the new result 

is only one part per billion below the experi-

mental value, the team reported in Nature. 

Given the uncertainties, that’s too close to 

claim a discrepancy, Fodor says.

He also raises questions about the con-

sensus value. For key data, it depends on re-

sults mainly from two colliders, and the two 

data sets disagree to a worrisome extent, 

Fodor says. His team’s result is free of 

such uncertainties. “This is the only 

computation on the market, so some 

people are uncomfortable,” he says.

Yet some theorists say it’s too early 

to place so much weight on a single 

lattice calculation. Aida El-Khadra, a 

lattice theorist at the University of Illi-

nois, Urbana-Champaign, and a leader 

of the Muon g-2 Theory Initiative, 

notes that the uncertainties in the con-

sensus value reflect mainly the limited 

precision of the input data. In contrast, 

the uncertainties in the lattice value 

reflect the reliability of the method it-

self and are harder to quantify and in-

terpret, El-Khadra says. “The meaning 

of the errors is very different,” she says.

Also, in 2018 Lehner and colleagues 

performed an analysis combining accel-

erator data and a lower-precision lattice 

calculation. Their hybrid estimate of 

the muon’s magnetism agrees well with 

the consensus prediction, Lehner says.

“The BMW result needs to be con-

firmed by other independent lattice calcula-

tions,” says Alexey Petrov, a theorist at Wayne 

State University. Those high-precision calcu-

lations should appear within a year. But if 

the lattice results agree with one another, 

but not the data-driven approach, then theo-

rists will still have to figure out why the two 

methods disagree, Petrov says.

Until then, it would be premature to say 

the tantalizing mystery raised by the g-2 

measurements has been explained away, 

El-Khadra says. “The standard model cal-

culation is solid,” she insists. So, too, is the 

experimental value. And to the best of phys-

icists’ knowledge they’re different. j

By Adrian Cho

PARTICLE PHYSICS 

Calculation could dim hopes for new physics
New prediction of muon’s magnetism muddies interpretation of tantalizing measurement
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Never mind the gap? 
If a new “lattice” value for the magnetism of the muon 

is correct, a mysterious gap between other predictions 

and a recent measurement would all but disappear.
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I
n 2017, three leading vaccine research-

ers submitted a grant application 

with an ambitious goal. At the time, 

no one had proved a vaccine could 

stop even a single beta coronavirus—

the notorious viral group then known 

to include the lethal agents of severe 

acute respiratory syndrome (SARS) 

and Middle East respiratory syn-

drome (MERS), as well as several causes 

of the common cold and many bat viruses. 

But these researchers wanted to develop a 

vaccine against them all.

Grant reviewers at the National Institute 

of Allergy and Infectious Diseases (NIAID) 

deemed the plan “outstanding.” But they 

gave the proposal a low priority score, 

dooming its bid for funding. “The signifi-

cance for developing a pan-coronavirus 

vaccine may not be high,” they wrote, ap-

parently unconvinced that the viruses pose 

a global threat.

How things have changed.

As the world nears 3 million deaths from 

the latest coronavirus in the spotlight, 

Why stop at just SARS-CoV-2? Vaccines in development aim
to protect against many coronaviruses at once

THE DREAM VACCINE

FEATURES
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A pancoronavirus vaccine 

might contain a nanoparticle 

carrier (gray) that holds 

several different versions 

of the viral spike protein 

(other colors).

By Jon Cohen
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SARS-CoV-2, NIAID and other funders have 

had a major change of heart. In November 

2020, the agency solicited applications for 

“emergency awards” to pursue pancorona-

virus vaccine development. And in March, 

the Coalition for Epidemic Prepared-

ness Innovations (CEPI), an international 

nonprofit launched in 2017, announced it 

would spend up to $200 million on a new 

program to accelerate the creation of vac-

cines against beta coronaviruses, a family 

that now includes SARS-CoV-2.

The threat of another coronavirus pan-

demic now seems very real. Beyond bats, 

coronaviruses infect camels, birds, cats, 

horses, mink, pigs, rabbits, pangolins, and 

other animals from which they could jump 

into human populations with little to no 

immunity, as most researchers suspect 

SARS-CoV-2 did. “Chances are, in the next 

10 to 50 years, we may have another out-

break like SARS-CoV-2,” says structural bio-

logist Andrew Ward of Scripps Research, 

one of the scientists who submitted the 

2017 proposal NIAID rejected.

The agency has not given out any of its 

new awards yet, but Ward’s lab is already 

pursuing a vaccine targeting a subset of 

beta coronaviruses. Some two dozen other 

research groups around the world have 
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Sarbecoviruses

Designed proteins

RBD

Spike head

Spikes

Viral membrane

mRNA

SpikeSpi

Finding the best shot
Aiming to prevent a future pandemic like COVID-19, scientists are looking 

for ways to immunize people against many, if not all, coronaviruses. Several 

strategies for these pancoronavirus vaccines focus on spike, the surface 

protein common to all members of the viral family.

The crown’s jewel
Spike initiates an infection when part of 
its head (S1) binds to a human cellular 
receptor and a viral enzyme cleaves 
spike so its stem (S2) can fuse with the 
cell. Spike varies between coronaviruses 
and the most conserved regions of its 
head or stem may serve as a broadly 
protective vaccine.

Family matters
Coronaviruses are grouped into four genera. They infect many species, 
although most have been found in bats. Of the seven known to infect people, 
four cause mild colds and three can be lethal.

Chimeric spike
A messenger RNA (mRNA) 
vaccine that combines 
spike gene sequences from 
SARS-CoV, SARS-CoV-2, 
and other coronaviruses 
can produce a mix of 
protein domains that 
may confer broad 
immune protection.

RBD nanoparticles
Because antibodies to 
spike’s receptor-binding 
domain (RBD) may be 
key  to vaccine protection, 
scientists are assembling 
RBDs from multiple 
coronaviruses 
onto nanoparticles or 
into nanocages.

Serial vaccines
One pancoronavirus 
vaccine approach would 
deliver a series of different 
spike proteins, each in its 
natural trimer configuration 
on a carrier particle.

Whole virus
Vaccinemakers have long 
used inactivated or weakened 
viruses. Combining multiple 
coronaviruses from one or 
more genera could stimulate 
broader immune protection.

sciencemag.org  SCIENCE228    
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similar pancoronavirus vaccine projects 

underway. Their approaches include novel 

nanocages arrayed with viral particles, 

the cutting-edge messenger RNA (mRNA) 

technique at the heart of proven COVID-19 

vaccines, and cocktails of inactivated vi-

ruses, the mainstay of past vaccines. A few 

teams have even published promising re-

sults from animal tests of early candidates.

No pancoronavirus vaccine has entered 

human trials, and how to evaluate a can-

didate’s protection against diseases that 

have not yet emerged remains a challenge. 

Nor is it clear how such a vaccine might 

be used. One possibility: keeping it in re-

serve until a new human threat emerges. 

“We might be able to prime everybody to 

get a basic level of immunity” against the 

emerging virus, buying time to make a 

more specific vaccine, Ward says.

Despite the many unknowns, the rapid 

success of vaccines against SARS-CoV-2 

has sparked optimism. This coronavirus 

doesn’t seem particularly difficult to foil 

with a vaccine, which raises hopes that the 

immune system can be trained to outwit 

its relatives, too. Survivors of SARS years 

ago provide more encouragement: Some of 

their antibodies—an immune memory of 

that viral encounter—can also stymie the 

infectivity of SARS-CoV-2 in lab dishes.

NIAID’s Barney Graham, who helped de-

velop Moderna’s mRNA COVID-19 vaccine, 

shares the optimism about pancoronavirus 

vaccines. “Compared to flu and HIV, this is 

going to be relatively easy to accomplish,” 

he predicts.

EARLIER THIS YEAR, Hannah Turner, a tech-

nician at Scripps Research who works with 

Ward, took a cold, hard look at a now in-

famous protein: SARS-CoV-2’s spike, which 

enables the virus to infect cells and is at 

the heart of several successful COVID-19 

vaccines. All coronaviruses have these 

spikes, which create the distinctive crown-

like appearance that earned them their 

name, and most pancoronavirus vaccine 

efforts aim to rouse an immune response 

to some part of the spike protein.

On this February morning, Turner mixes 

labmade copies of the SARS-CoV-2 spike 

with “broadly neutralizing” antibodies 

harvested from COVID-19 patients. These 

antibodies powerfully prevent multiple 

variants of SARS-CoV-2, as well as the 

original SARS virus, SARS-CoV, from in-

fecting susceptible cells in test tube stud-

ies. Turner then freezes the spike-antibody 

mixtures with liquid nitrogen and places 

the resulting crystals in a $4 million mi-

croscope the size of three refrigerators. It 

begins bombarding the samples with up to 

200 kilovolts of electrons to map the spike-

antibody complexes at atomic  resolution—

an increasingly popular technique called 

cryo–electron microscopy (cryo-EM).

What resembles a telescope view of lunar 

landscapes unfolds across four monitors. 

Turner’s trained eye spots the crystallized 

spike proteins, clumped together in groups 

of three called trimers and studded with 

antibodies. She points out one of the fan-

like structures. “It’s pretty cool,” she says. 

“This is what you want to see.”

The computers over the next few days 

will sort through 1100 different angles of 

her sample, migrating the best views into 

software that creates a gorgeous “final 

map” of spike with an attached antibody, at 

a resolution that approaches 3 angstroms, 

just a tad thicker than a strand of DNA. 

By creating similar portraits of spikes from 

many different coronaviruses with broadly 

neutralizing antibodies bound to them, 

Ward hopes to identify short segments of 

the protein—so-called epitopes—key to 

that binding for all the pathogens. Those 

epitopes, Ward believes, are the key to de-

signing a vaccine that can trigger a broad 

immune attack on coronaviruses. 

An ideal pancoronavirus vaccine would 

protect us from all four of its genera—

alpha, beta, gamma, and delta—but most 

researchers have more modest goals. “The 

further you go, the harder it gets” for a vac-

cine, says immunologist Dennis Burton of 

Scripps Research, who often collaborates 

with Ward.

Gamma and delta coronaviruses, mainly 

found in birds and pigs, are not known to 

infect humans, so vaccine developers have 

paid them little attention. There’s more in-

terest in alpha coronaviruses because two 

cause colds in humans. But it’s the betas 

that attract the most effort, and in partic-

ular the sarbecoviruses, a subset that in-

cludes SARS-CoV-2 and SARS-CoV but not 

the more genetically distinct MERS and its 

relatives. Sarbecoviruses are Ward’s tar-

gets, and Burton is optimistic. “We already 

know you can get pretty damn good anti-

bodies that work against both SARS-CoV 

and -2,” he says.

Ralph Baric of the University of North 

Carolina, Chapel Hill, who has studied 

coronaviruses for 35 years, sees this sub-

group as the paramount threat. “That 

SARS-CoV-2 is here doesn’t mean that that’s 

going to provide any kind of serious pro-

tection against another sarbecovirus from 

coming out of the zoonotic reservoirs,” he 

says. And if a “SARS-CoV-3” jumped into a 

person infected with the current pandemic 

virus and created something more lethal 

by swapping genetic regions—and corona-

viruses frequently recombine—that’s the 

making of a Hollywood horror film.

WARD AND OTHERS IN THIS nascent field are 

following the lead of vaccine successes, for 

diseases from polio to human papillomavi-

rus, that depend on combining components 

from multiple forms of a pathogen—up 

to 23 forms of a sugar molecule in a shot 

against pneumococcal disease, for exam-

ple—to increase breadth of protection. Al-

though Ward is still at the earliest stages 

of the design process, trying to identify the 

conserved viral targets he wants a vaccine 

to hit, structural biologist Pamela Bjork-

man at the California Institute of Technol-

ogy is a few steps further along. Her team 

has recently evaluated candidate pancoro-

navirus vaccines in mice.

Bjorkman and co-workers chose a por-

tion of spike from a range of beta corona-

viruses: SARS-CoV and SARS-CoV-2, a vi-

rus isolated from a pangolin, and five bat 

viruses. They used each virus’ receptor-

binding domain (RBD), the spike region 

that initiates an infection by docking  onto 

angiotensin-converting enzyme 2 (ACE2), 

a protein on human cells. The RBD is the 

apparent target for most antibodies that 

thwart SARS-CoV-2.

Comparisons of the RNA genes encod-

ing the spikes showed the top section of 

the RBD varied a great deal, but the lower 

part was conserved across the different vi-

ruses. So the investigators fashioned eight 

 multimers—small proteins—from the con-

served RNA sequences. Then, they fastened 

combinations of them onto the surface of 

a nanoparticle built from a bacterial pro-

tein to create various “mosaic” vaccines. In 

theory, a mosaic would produce antibodies 

that protected against the known viruses—

and because the sequences are conserved, 

the vaccine might protect against distant 

relatives of those viruses as well.

Last year, Bjorkman and colleagues in-

jected mice with some of their mosaic vac-

cines. They report in the 12 February issue 

of Science that in lab dishes, antibodies 

harvested from the mice powerfully neu-

tralized the infectivity of a wide array of 

sarbecoviruses, including ones not used to 

make the vaccine.

Graham, who worked on pancorona-

virus vaccines even before the pandemic, 

reasons that the whole trimer of spike 

“Compared to flu and HIV, 
this is going to be 

relatively easy to accomplish.” 
Barney Graham, 

National Institute of Allergy and Infectious Diseases
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might stimulate better or broader immune 

protection than just the RBDs. His team 

has taken spike trimers from SARS-CoV-2 

and two beta coronaviruses that cause hu-

man colds and placed them in malleable 

nanocages, made from two different pro-

teins developed by computational biologist 

Neil King of the University of Washington 

(UW), Seattle. The NIAID group is also 

using a second scaffolding: nanoparticles 

created from ferritin, a blood protein that 

normally sequesters and releases iron.

In a third strategy, Graham envisions 

giving people a series of vaccines, each one 

containing trimers from a different mem-

ber of the beta genus, to create a broad 

defense against the viruses. “It’s what we 

do right now for influenza, basically, only 

it is occurring over a lifetime instead of 

more deliberately in a shorter period of 

time,” he says. (The flu shot contains sur-

face proteins from three or four strains of 

that virus, and as it mutates, vaccinemak-

ers change the ingredients annually.)

By arraying spike proteins on nanopar-

ticles, vaccine developers aim to follow the 

style of upscale restaurants, where pre-

sentation matters nearly as much as the 

food on the plate. The goal is to cater to 

the tastes of B cells, the immune cells that 

pump out antibodies. The cells identify 

foreigners using Y-shaped proteins called 

immunoglobulins on their surfaces. (When 

secreted, the same proteins are antibod-

ies.) B cells respond most strongly when 

each arm attaches to a different epitope. 

King says nanocages are ideal for present-

ing epitopes this way. “We can control 

spacing and geometry [of the viral pieces] 

in a much more precise way than anybody 

could before,” he says.

The resulting B cell cross-linking primes 

legions of the cells to spit out what re-

searchers have dubbed “superantibodies” 

for their remarkably high potency. These 

superantibodies add to a vaccine’s breadth 

of protection because even when they 

aren’t a perfect match to a strain, they still 

retain some neutralizing activity. 

Baric’s group is exploring a different 

way to present diverse antigens. Rather 

than arranging them on scaffolds, the team 

uses mRNA coding for a chimeric protein 

that mixes and matches different parts of 

spike from distant human and bat sarbeco-

virus cousins. “Spike is really plastic, so 

it’s kind of a modular design,” Baric says. 

“You can move component parts around 

without any problem.” Four of these mRNA 

spike chimeras solidly protected mice from 

a variety of challenges with human and 

bat  sarbecoviruses, Baric, Hayes, and col-

leagues reported in a bioRxiv preprint 

posted on 12 March.

Along with calculated strategies, luck 

can also aid the quest for a pancorona-

virus vaccine. Barton Haynes and his team 

at Duke University, working with Baric’s 

group, recently designed a vaccine that 

contains a SARS-CoV-2 RBD in a ferritin 

nanoparticle. Intended as a booster dose 

for mRNA COVID-19 vaccines, it turned 

out to be far more versatile. In monkeys, 

it worked as intended against SARS-CoV-2. 

But much to the researchers’ surprise, anti-

bodies taken from the vaccinated monkeys 

also neutralized SARS-CoV and two related 

bat coronaviruses in lab studies.

A clue to this surprisingly broad protec-

tion came when the team isolated an anti-

body from a person who had recovered 

from SARS many years ago. It, too, could 

neutralize a wide range of sarbecoviruses—

and it turned out to bind tightly to the 

same RBD used in their COVID-19 vaccine 

booster. A structural analysis of the anti-

body bound to the RBD shows it latches 

onto the domain’s side, not the top region 

favored by most vaccine-induced neutral-

izing antibodies.

Because this antibody doesn’t interfere 

with ones that attach to the top, Haynes 

thinks a vaccine designed to trigger it and 

more common neutralizing antibodies 

could provide a one-two punch to multiple 

viruses. He expects clinical trials of this 

idea could begin within 6 months.

SOME GROUPS HAVE TURNED their sights far 

from the RBD, in molecular terms. Spike 

has both a head, which includes the RBD, 

and a stem—known as S2—that varies little 

between coronaviruses. “The S2 subunit 

is by far the most conserved portion of 

coronavirus spike,” says Jason McLellan, 

a structural biologist at the University of 

Texas, Austin, who co-authored the failed 

grant proposal with Ward.

After spike lands on a human cellular re-

ceptor, a coronavirus enzyme slices off the 

head, or S1, to expose the stem. That then, 

yes, spikes the cell and initiates the fusion 

that allows the virus to unload its genetic 

cargo. Immune responses against S2 can 

derail that key process, even though the 

stem isn’t always visible enough normally 

to initiate them.

A few years ago, McLellan developed a 

vaccine from the S2 of the MERS virus that 

protects mice from the virus as effectively 

as vaccines that feature the full spike. 

The antibodies produced by the vaccine 

also bind to, but do not neutralize, SARS-

CoV, SARS-CoV-2, and a human cold beta 

 coronavirus. McLellan’s lab is now conduct-

ing cryo-EM of antibody-stem conjugates, 

using S2 from SARS-CoV-2, to develop a 

vaccine for beta coronaviruses. “Our initial 

immunogens target all of S2, but we might 

want to refine that and target smaller por-

tions,” McLellan says.

Like most developers of a pancorona-

virus vaccine, McClellan is trying to rally 

antibody-producing B cells. A few groups, 

however, hope to also rouse the immune 

system’s other great army: T cells, which 

protect the body by destroying infected 

cells. On 18 May 2020 in Nature, Vir Bio-

technology working with UW structural 

biologist David Veesler described an anti-

body, isolated from someone who had 

SARS in 2003, that neutralized infectivity 

of both SARS-CoV and SARS-CoV-2—but 

with help from T cells.

Although the antibody binds to the 

RBDs of spike of each virus, it does not 

block them from attaching to ACE2, cryo-

EM showed. The groups instead found it 

may bind to the surface of immune war-

riors that educate T cells to destroy already 

infected cells. This “vaccinal effect” was 

first described more than 15 years ago in 

cancer research when scientists found that 

certain monoclonal antibodies can trigger 

killer T cells to eliminate tumors.

T cells are also central to the vaccine 

quest of Bette Korber, a computational 

biologist at Los Alamos National Labora-

tory. She designs algorithms to scour the 

genome sequences of beta coronaviruses, 

looking for regions of viral proteins that 

can trigger T cell responses, and that vary 

little among the different coronaviruses. 

Those conserved T cell epitopes, Korber 

says, might make a good vaccine. 

She hopes to initially combine this T cell 

approach with a B cell strategy that would 

protect against all SARS-CoV-2 variants. It 

draws on an analysis of close to 1 million 

sequences of the virus now in databases 

to understand the “evolutionary space” of 

the pathogen—what changes could help it 

evade antibody responses and what muta-

tions it cannot afford.

 “You need to show the immune system 

what it needs to recognize to have breadth,” 

says Korber, who has applied similar tech-

niques to designing vaccines for HIV, flu, and 

Ebola. Her collaborators plan to convert the 

sequences she selects into mRNA vaccines.

Finally, there’s an old-school approach 

to a pancoronavirus vaccine, one that 

should call into battle both B and T cells. 

“Chances are, in the next 10 to 
50 years, we may have another 

outbreak like SARS-CoV-2.” 
Andrew Ward, Scripps Research
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NIAID’s veteran flu researchers Matthew 

Memoli and Jeffery Taubenberger want to 

combine inactivated versions of represen-

tative  coronaviruses from the four known 

lineages in the beta genus. Vaccines based 

on the entire virus help the immune system 

take “multiple shots at the target,” Memoli 

explains, rather than focusing all the re-

sponses on spike or bits of it. 

“Some antigens give you antibodies, 

some antigens may give you more T cell re-

sponses, some antigens may do both. Some 

antigens may be better at inducing muco-

sal immunity than systemic immunity,” he 

says. “The reality is that the best vaccine is 

going to deliver antigens that induce all of 

these responses.”

HOW CAN DEVELOPERS of pancoronavirus 

vaccines prove their shots protect against a 

hypothetical SARS-CoV-3? Baric highlights 

one hurdle: “You have to have a good panel 

of challenge viruses to actually begin to test 

these vaccines” in the lab. The U.S. govern-

ment considers SARS-CoV, MERS, and many 

coronaviruses to be “select agents,” subject-

ing labs that handle them to greater restric-

tions. Baric notes that his lab is one of the 

few that has the  biosecurity needed to grow 

and experiment with those coronaviruses.

Another regulation could ease the path. 

Created by the U.S. Food and Drug Adminis-

tration in the wake of 9/11, when there was 

increased worry about engineered viruses 

or other biothreats, the “animal rule” says 

a therapy or vaccine can receive approval 

without an efficacy trial if the study cannot 

ethically or practically be done in humans. 

A pancoronavirus vaccine might establish 

its bona fides under that rule if it works in 

mice or monkey challenge studies against 

a variety of known coronaviruses, appears 

safe in humans, and is capable of triggering 

broadly neutralizing antibodies or other rel-

evant immune responses in people.

If a pancoronavirus vaccine gets autho-

rized, would countries create stockpiles to 

quickly extinguish an outbreak of a new vi-

rus? Or would they instead plan to rapidly 

start to produce the vaccine from its blue-

print once that fresh threat is seen? Those 

are issues CEPI’s initiative will explore, 

but there’s a third, simpler option many in 

the field propose: using it in the current 

pandemic, as the ultimate booster shot to 

prevent potentially waning immunity and 

protect against the menacing new variants 

of SARS-CoV-2 that keep emerging.

Efforts have already begun to develop 

second generation COVID-19 vaccines 

that could protect against those variants. 

But Haynes says this is a game of “whack-

a-mole” that has no end in sight. “You’re 

just waiting on the next variant to come 

up.” He and others instead propose that a 

 pancoronavirus vaccine could do double 

duty. If it can handle other members of the 

coronavirus family tree, it should have no 

problem dealing with variations of SARS-

CoV-2, which are minor in comparison.

“Over time, it may be that the boosting 

will be with a vaccine that is more broadly 

protective,” says Luciana Borio, who led 

a White House unit on medical and bio-

defense preparedness and now works for a 

venture capital firm, In-Q-Tel, whose portfo-

lio includes biotech companies. 

That might help end the current pan-

demic and forestall the next one. “A 

broadly protective vaccine has the goal of 

preventing a pandemic from happening,” 

Memoli says. “The issue we have is right 

now is if a completely new virus appears, 

we have nothing.” j

Structural biologist Andrew Ward studies the nooks and crannies of a coronavirus spike protein for features common to spikes in other members of the virus family.
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 By Tanuj Shukla and Indra S. Sen

T
he mountains that include the 

Himalayan and adjacent ranges are 

the highest on Earth and have an av-

erage elevation of >4000 m and an 

area of ~595,000 km2. This region is 

also called the Third Pole or the Asian 

water tower because it has the largest ice 

mass outside the polar regions. Increasing 

temperatures and human interventions 

have added stress on the region’s hydrologi-

cal sensitivity and have increased the risks 

of major flood events. 

Over the next 100 years, an estimated 

1.5°C of warming will likely be enhancing 

the melting rates of glaciers, which have al-

ready been made fragile by climate change 

(1). This situation is evident from the ac-

celerating glacier-ice mass loss, permafrost 

degradation, increasing extreme tempera-

ture and precipitation events, landslides, 

rapid snowmelt, and a substantial shift in 

seasonal riverine water supply (2, 3). Ad-

HYDROLOGY

P reparing for floods on the Third Pole
S atellite-based real-time monitoring is needed for Himalayan glacial catchments 
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Gokyo lakes are the world’s highest freshwater 

lake system located in Nepal, Asia. The 

beautiful, pristine, and sacred lake is vulnerable 

to climate change–induced natural hazards.
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ditionally, the Indian Summer Monsoon 

is responsible for 300 cm year-1 of annual 

rainfall over the south-facing slopes of the 

Himalayas (see the figure). All of these 

observations make the region prone to 

multiple natural hazards, including the in-

creased risks of major flood events (3, 4). 

Direct human interventions on the rivers, 

such as the construction of hydroelectric 

power plants, change the risk profile in 

other ways (5).

Increasing concern has been centered 

around glacial lake outburst floods (GLOFs) 

and cloudburst events. GLOFs occur when 

either a natural dam bursts or the glacial 

lake level suddenly increases. These events 

are usually a result of cloudbursts, where 

torrential precipitation of >100 mm hour-1

occurs over a geographical region of ~25 

km2. These extreme events have increased 

in recent decades, as have the catastrophes 

associated with them (6). For example, the 

GLOF event in the Chorabari glacier valley 

(30°44951.2699 N, 79°03938.7999 E; 3808 m 

above sea level) in 2013 left behind a death 

toll of more than 5000 people and a shock-

ing trail of devastation in the Mandakini 

River Valley. Unfortunately, more lake-

breaching events are waiting to unfold 

because new lakes are continuously form-

ing and the existing ones are expanding in 

the glaciated Himalayan valleys. Forty-one 

high-altitude lakes appeared in the Eastern 

Himalayan region alone during the past 50 

years, and the existing lakes in the Third 

Pole region have undergone a 50% expan-

sion. The lake area has rapidly expanded, 

at a rate of 14.44  km2 year-1 between 1976 

and 2018 (7). As a result, it is likely that the 

number, extent, and impacts of lake-breach-

ing events in the Himalayas will increase in 

the near future.

The surge of meltwater in mountain 

streams is most commonly caused by cloud-

burst events during the monsoon season 

(June–July–August) time frame. However, 

the recent (7 February 2021), sudden surge 

of meltwater in the river tributary of the 

Ganga, Dhauli Ganga, during the dry sea-

son suggests that this time frame needs to 

be expanded. The catastrophe in the upper 

Dhauli Ganga basin is linked to processes 

other than precipitation events, such as 

snow avalanches, rock landslides, or other 

unidentified drivers. We therefore need to 

rethink the idea that cloudbursts and rain-

fall are the only drivers of a meltwater surge 

in the Himalayan region. Determining all of 

the potential major and minor drivers be-

hind sudden surges of meltwater into head-

water streams is vital for understanding the 

hazard profile of the region. 

As we improve our understanding of 

glacial hydrology, different hypotheses will 

emerge. However, the most pressing need is 

to delve deep into mitigation strategies as 

risks of meltwater surges increase as a re-

sult of climate change and human-induced 

factors. Mitigation strategies should involve 

engineering solutions, such as the construc-

tion of flood-control reservoirs; structures 

to divert water from high-impact areas to 

alternative locations; rainwater detention 

basins; the construction of dams, dikes, and 

embankments; the adoption of terraces and 

other good farming practices to reduce the 

rates of hillslope runoff; and the building of 

structures and development of techniques 

to stabilize mountain slopes to reduce land-

slides and mudflows. Together with these 

structural solutions, the community needs 

to be made aware of the causes and driv-

ers of mountain hydrology through public 

awareness programs, training, and educa-

tion. This may allow for a citizen-science 

approach for some flood risk–management 

measures to be implemented. Many of these 

efforts have already been implemented over 

the past few decades (8), but the magnitude 

of these flooding events requires a more ad-

vanced adaptive measure. In particular, an 

effective early warning system that would 

warn local communities of impending flood 

danger is urgently needed.

As a result, equal emphasis should be 

given to developing a network of hydro-

meteorological, seismic stations and land-

slide-detection systems with telemetry 

capability to build a data-driven decision-

support system. Particularly, data from 

the weather stations that record heavy 

rainfall events,  ultrasonic and radar-based 

sensors that monitor water storage and 

discharge in lakes and streams, geophones 

that detect debris flow, and advanced av-

alanche-mapping technology  should be 

transmitted in real time to support a deci-

sion system to warn local communities of 

the impending danger.

The biggest challenge for this strategy 

is the lack of cellular connectivity in the 
Department of Earth Sciences, Indian Institute of 
Technology–Kanpur, UP 208016, India. Email: isen@iitk.ac.in

76°E

12

8

4

0

Fr
e
q
u
e
n
cy

1960 1980 2000 2020

Bhutan China India Nepal Pakistan
1

100

10

1000

300 200 100 0
Rainfall (cm) Glacier

3
8

°N
3

0
°N

92°E

 Extreme rainfall events

Numbers of glacial lakes
GLOF-susceptible lakes in the Himalayas

0 400

km

1960 1980 2000 2020

Northern Hemisphere temperature anomaly
2

1

0

-1

Mean Error

Te
m

p
e

ra
tu

re
 (

°C
 )

N

Rainfall in the Himalayas 
Glacial lake areas [glacier data from the Randolph Glacier Inventory (6)] are affected by the regional rainfall, 

 which has had local variations from 2000 to 2015  (data source: https://disc.gsfc.nasa.gov/datasets/ 

TRMM_3B42_Daily_7/summary) (left). The increasing temperature in the Northern Hemisphere (top right) 

(data source:  https://data.giss.nasa.gov/gistemp) is correlated with an increased number of extreme 

rainfall events (middle right) (10, 11) and an expansion in the number of glacial lakes, some that are susceptible 

to glacial lake outburst floods (GLOFs), across the region (bottom right) (12). 
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remote Himalayan region that prevents te-

lemetry support, rendering it unavailable. 

Instead, telemetry-based monitoring of 

the glacierized Himalayan catchment us-

ing satellite systems (e.g., the Narrowband 

Internet of Things) is needed to take timely 

actions during the next hydrological disas-

ter. The integration of monitoring devices 

with satellite networks will not only pro-

vide telemetry support in remote locations 

that lack complete cellular connectivity 

but will also provide greater connectivity 

coverage in the cellular dead zones in ex-

treme topographies such as valleys, cliffs, 

and steep slopes.

Real-time data would help to develop a 

strong network of early flood warning sys-

tems in the glacierized catchment of the 

Himalayas. Real-time monitoring technolo-

gies would not only help to predict and 

warn of the impending danger and prevent 

loss of life, but the availability of real-time 

data would allow scientists to monitor the 

performance of the installed instruments 

remotely and take timely actions against 

any instrument malfunction, preventing 

the loss of vital data. Therefore, these en-

riched datasets will help us to better un-

derstand the effects of climate change on 

the Third Pole, which is often regarded as 

a “white spot” on the global map—indicat-

ing the presence of very limited continuous 

field hydrometeorological data (9). j
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QUANTUM GASES

The Weyl side of ultracold matter
Ultracold gases in optical lattices provide control and 
tunability for the exploration of Weyl semimetal physics

By Nathan Goldman1 and Tarik Yefsah2 

T
he discovery of Weyl semimetals in 

2015 was a breakthrough in the mod-

ern history of quantum matter, con-

necting relativistic phenomena pre-

dicted in particle physics with unusual 

topological properties of the solid 

state (1). This connection originates from 

the peculiar band structure of Weyl materi-

als. In general, the band structure of a solid 

governs which energies are accessible to an 

electron moving with a given momentum. In 

Weyl semimetals, energy bands touch at sin-

gular points (the Weyl nodes), around which 

energy has a linear dependence on momen-

tum k, reminiscent of relativistic elementary 

particles. On page 271 of this issue, Wang et 

al. (2) realized  Weyl-type band structures for 

ultracold atoms with a high degree of control 

and tunability. This work paves the way for 

the exploration of  the properties of Weyl-

type band structures with a bottom-up, tun-

able approach and incremental complexity.

Whenever a concept of relativity finds an 

echo in the realm of quantum materials, it 

triggers a wave of astonishment and excite-

ment. Indeed, relativistic phenomena are 

naturally linked to high-energy physics. The 

excitement comes from the possibility of 

bringing to reality predictions that otherwise 

may only be recognized for their mathemati-

cal esthetics. Herman Weyl’s 1929 prediction 

of hypothetical massless fermions is a prime 

example because their existence was never 

confirmed in particle-physics experiments 

but was instead observed  in solid-state 

quantum materials (1). 

Observing “pseudo-relativistic electrons” 

in materials is not completely surprising, 

given the formal equivalence between the 

Dirac or Weyl equations describing relativ-

istic elementary particles and the effective 

Schrödinger equation describing electronic 

excitations in semimetals (1). Beyond this 

formal analogy, the pseudo-relativistic band 

structure of Weyl semimetals also hosts a 

robust mathematical property, a so-called 

topological defect that cannot be removed 

under small deformations of the crystal (1). 

To appreciate this notion, one should first 

realize that a fictitious “magnetic” field (also 

called Berry curvature) can be associated 

with the energy bands of crystalline struc-

1Interdisciplinary Center for Nonlinear Phenomena and 
Complex Systems, Université  Libre de Bruxelles, CP 231, 
Campus Plaine, B-1050 Brussels, Belgium. 2Laboratoire 
Kastler Brossel, ENS-Université  PSL, CNRS, Sorbonne 
Université , Collè ge de France, 24 rue Lhomond 75005 
Paris, France. Email: tarik.yefsah@lkb.ens.fr
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Tuning spin-orbit coupling 
Cold atoms in two internal states (spin-up and 
spin-down) move on a three-dimensional (3D) optical 
lattice in the presence of laser-induced SOC. Tomography 
was used to extract the spin texture in momentum space. 
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Varying Weyl points
Tuning 3D SOC modifes the band structure and 
creates confgurations with diferent numbers 
of Weyl nodes. Nodes always come in pairs with 
opposite topological charges (+ and –).  
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Tunable Weyl nodes for ultracold atoms 
The engineering of Weyl-type band structures in optical lattices relies on correlating the spin and momentum 

of the atoms along all three spatial directions. By realizing such a spin-orbit coupling (SOC), Wang et al. formed 

and tuned a Weyl-type band structure for ultracold rubidium atoms. 
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tures (3). In the vicinity of a Weyl node, this 

fictitious magnetic field emanates radially. 

This structure implies the existence of a ficti-

tious monopole (a point-like source of ficti-

tious magnetic field) that is located exactly 

at the Weyl node. 

T he key ingredient for the emergence of 

Weyl-type band structures is spin-orbit cou-

pling (SOC) (1), which is an interplay be-

tween the intrinsic angular momentum of a 

particle (spin) and its trajectory.  Spin-orbit 

coupling can create band structures with 

strong correlations between the momentum 

and spin of electrons and give rise to a vari-

ety of topological quantum states of matter 

(3). However, not all SOCs are equivalent:  

Emerging topological properties crucially 

depend on the d imensionality of both the 

SOC and the material (3). In the case of Weyl 

semimetals, three-dimensional (3D) SOC is 

required and, as is often the case in solid-

state physics, the path to the 2015 discovery 

relied on the identification of the “right” ma-

terials. Since then, much effort has focused 

on finding materials displaying only a few 

Weyl nodes, and ideally only a single pair, 

the minimum number allowed by the so-

called doubling theorem (1).

Synthetic lattices for ultracold atomic 

gases allow  Weyl-type band structures to be 

built by putting in the right ingredients (4), 

rather than search for new materials. Wang 

et al. not only created a band structure on-

demand with either one or two pairs of Weyl 

nodes, but they also dynamically turned 

a trivial band structure into a Weyl-type 

one.  They set ultracold atomic clouds of ru-

bidium-87 in their designed laser landscape 

that both provides a 3D lattice potential that 

mimics the crystalline structure of solids 

and couples the motion of the atoms to their 

spin in all three spatial directions. Its Weyl-

semimetal band structure was revealed by 

performing tomography of the 3D momen-

tum distribution of the atoms while keeping 

track of their spin texture (see the figure) . 

With the spin-momentum distribution at 

hand, they probed the topological nature of 

the band structure; namely, the monopole 

charge associated with each Weyl node. The 

tunability of the setup allowed the effects of 

a sudden change in the system’s parameters 

to be studied. S tarting from atoms initially 

placed in a regular lattice configuration 

without 3D-SOC, they suddenly activated 

the Weyl semimetal lattice and followed 

the spin-population dynamics in the band 

structure . This provided a complementary 

measure of the Weyl-nodes location. Further 

studies with ultracold gases could explore 

special surface modes, previously revealed in 

the solid state (5) and photonics (6), whose 

robustness directly follows from the topo-

logical nature of the Weyl nodes. The spec-

troscopic detection of these Fermi-arc states 

could be facilitated by confining the atoms in 

a box with sharp boundaries (7, 8).

Cold-atom realizations of Weyl semimet-

als could offer an ideal platform to study 

their exceptional transport properties. 

Subjecting them to synthetic electric and 

magnetic fields should induce a so-called 

chiral anomaly, a quantized transport of 

particles from one Weyl node to the other 

(1) . This anomaly is subtle in the context of 

particle physics, but it could be directly mea-

sured in optical lattices through momentum-

distribution measurements (9). The chiral 

anomaly can also be induced by axial gauge 

fields generated by modulating the optical 

lattice in space and time (10). Weyl semimet-

als also exhibit anomalous Hall and circular 

photogalvanic effects (1) that could both be 

revealed in optical-lattice setups through cir-

cular shaking (11). The tunability of this set-

ting could be exploited to engineer various 

types of semimetals displaying exotic nodal 

lines, rings, or spheres in the band structure 

(12, 13). Synthetic 3D SOCs also constitute a 

central ingredient for the engineering of 3D 

topological insulators with cold gases (3). 

Promoting a 3D optical lattice to a ficti-

tious 4D lattice could also be envisaged 

through the concept of synthetic dimension 

(14)—for example, by inducing motion along 

the space spanned by atomic internal states. 

Applying this strategy could produce a 4D 

Weyl semimetal that displays fictitious Kalb-

Ramond monopole fields originally intro-

duced in string theory (15). Another exciting 

possibility would be to engineer 4D topologi-

cal insulators (14), which have the appealing 

property of displaying a single isolated Weyl 

node on their surfaces. j
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By Belal Shohayeb and Helen M. Cooper  

T
he inherited X-linked early-onset 

childhood epilepsy, called EFMR (epi-

lepsy and mental retardation limited 

to females), has baffled clinicians and 

geneticists for more than 50 years. In 

contrast to other X-linked disorders in 

which the hemizygous (hemi) male, but not 

the heterozygous (het) female is affected, it 

is only the het females that exhibit seizures 

and intellectual disability (1, 2). Clues to the 

origin of this enigmatic disorder came when 

deleterious mutations in  the X chromosome 

gene protocadherin-19 (PCDH19), which en-

codes a cell adhesion molecule, were identi-

fied (3). On page 255 of this issue, Hoshina et 

al. (4) provide answers to two pieces of the 

EFMR puzzle: They reveal that hippocam-

pal synaptic transmission is compromised 

in Pcdh19 het female mice but not in hemi 

males, and they provide a molecular expla-

nation for how the retention of one wild-type 

(WT) allele, but not the loss of both alleles, 

disrupts neuronal connectivity.

In general, females with X-linked disor-

ders are asymptomatic because they carry 

one WT allele. Conversely, hemi males only 

express the mutated gene and are unable 

to produce a functional protein. What ac-

counts for the EFMR sex reversal? Impor-

tant insight came with the identification of 

idiopathic males with EFMR symptoms (5). 

Affected males carried postzygotic somatic 

PCDH19 mutations, and therefore regions 

within the developing brain that normally 

express PCDH19 comprise a mixture of 

 PCDH19-positive and -negative (has a non-

functional PCDH19 allele) neurons. To en-

sure appropriate levels of gene expression, 

females undergo X-inactivation in which one 

X chromosome is silenced. Females hetero-

zygous for PCDH19 mutations will therefore 

also exhibit somatic mosaicism due to ran-
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dom X-inactivation in indi-

vidual cells. This raises the 

question of how the coexis-

tence of PCDH19-positive and 

-negative neurons might per-

turb brain development. 

In EFMR, seizures begin at 

~10 months of age and dis-

sipate in adolescence (1, 2). 

PCDH19 is expressed in the 

developing hippocampus and 

neocortex, brain regions as-

sociated with higher-order 

functions such as cognition 

and memory, and is highly 

expressed when synapses are 

forming after birth. However, 

its role in the establishment 

of neuronal circuitry remains 

poorly understood. Hoshina 

et al. focused on the hippo-

campal mossy-fiber pathway, 

which plays a central role in 

memory and mood regulation 

and has been implicated in some epilepsies 

(6, 7). In this pathway, the excitatory dentate 

granule cells receive input from the entorhi-

nal cortex and form mossy-fiber synapses on 

CA3 pyramidal neurons. 

Hoshina et al. found a reduction in the 

size of the presynaptic compartment as well 

as a depletion in synaptic vesicles in Pcdh19 

het female mice but not hemi males or WT 

females. The CA3 postsynaptic compart-

ment as well as mossy-fiber axon targeting 

and synaptic density were not affected in 

het females. These data suggest that the 

presence of PCDH19 on only one side of the 

synaptic cleft may directly affect presynap-

tic function. Electrophysiological recordings 

confirmed that the efficiency of neurotrans-

mitter release was compromised in het fe-

males. Moreover, the induction of long-term 

potentiation (LTP), an electrophysiological 

correlate of presynaptic function and thus 

memory formation, was completely abol-

ished at the het synapse. The authors also 

found that het females displayed clear be-

havioral deficits that were consistent with 

mossy synapse dysfunction, unlike WT fe-

males and hemi males. 

These findings strongly suggest that 

the existence of PCDH19 mosaic synapses 

has detrimental consequences for presyn-

aptic development and thus hippocam-

pal function. How does this PCDH19 

synaptic mismatch perturb mossy-fiber 

synapses? To explain the unusual mode 

of inheritance for EFMR, the “cellular 

interference” hypothesis has been proposed 

and emerges from the homophilic adhesive 

binding properties of the protocadherins 

(1, 5). This model postulates that in mosaic 

individuals, PCDH19-positive cells are 

unable to establish adhesive interactions 

with PCDH19-negative cells, disrupting 

tissue cohesion. In hemi males, however, 

cell-cell adhesion is restored because 

of the compensatory activity of other 

protocadherin family members. 

Armed with this information, Hoshina 

et al. tested the validity of this hypothesis 

in the context of the mossy-fiber synapse. 

Homophilic binding of the classical cadherin 

N-cadherin promotes adhesion between the 

pre- and postsynaptic membranes to initiate 

synapse formation (8). Moreover, N-cadherin 

forms cis heterodimers with PCDH19 (9). The 

authors therefore suspected that PCDH19–

N-cadherin heterodimer mismatches may 

underpin synapse dysfunction. They showed 

that N-cadherin colocalized with PCDH19 

in 80% of WT female mossy-fiber synapses 

but only in 40% of het female synapses and 

never in hemi males. In parallel, recruit-

ment of b-catenin (a downstream effector 

of N-cadherin) to the N-cadherin cytodo-

main was significantly reduced only in het 

synapses. N-cadherin–b-catenin interactions 

were therefore retained when PCDH19 was 

lost from both the pre- and postsynaptic 

membrane or, conversely, when it was pres-

ent on both membranes. Further studies 

showed that increasing the level of N-cad-

herin expression at mismatched synapses 

restored presynaptic development and LTP 

induction. 

The authors propose a plausible mis-

match model to explain how PCDH19 mo-

saicism at the mossy-fiber synapse elicits 

cognitive deficits in EFMR individuals (see 

the figure). In WT females, trans-synaptic 

signaling through homophilic adhesion 

between PCDH19–N-cadherin heterodimers 

on opposing membranes 

promotes b-catenin–medi-

ated presynaptic signaling 

and development. In hemi 

males, N-cadherin homo-

philic adhesion is still per-

mitted when PCDH19 is 

completely absent, triggering 

b-catenin signaling. In the 

mosaic synapse, however, N-

cadherin homophilic adhe-

sion is prohibited between 

PCDH19-positive and -nega-

tive compartments, leading 

to compromised presynap-

tic development and cogni-

tive impairment. Given that 

many members of the proto-

cadherin family are involved 

in cell-cell recognition dur-

ing brain development (10), 

this raises the question of 

whether protocadherin–N-

cadherin trans-adhesion is a 

general mechanism for ensuring that the 

correct pre- and postsynaptic partners initi-

ate synapse formation.

One perplexing aspect of this study is that 

Pcdh19 het female mice do not exhibit sei-

zures. The dentate granule neurons are ex-

citatory, and their hyperactivity contributes 

to some epilepsies (6, 11). Paradoxically, the 

study of Hoshina et al. shows that PCDH19 

synaptic mismatch leads to reduced synaptic 

activity. So, does PCDH19 synaptic mismatch 

initiate or propagate epileptogenic activity? 

In humans, the mossy-fiber pathway is 

embedded in complex neuronal circuitry 

that imposes finely tuned excitatory and 

inhibitory regulation on granular cell 

activity and downstream neuronal networks 

(6, 11). Thus, PCDH19 synaptic mosaicism is 

likely to have more profound consequences 

for the hippocampal and cortical circuitry 

of affected patients. How PCDH19 synaptic 

mismatch is manifested across complex hu-

man neuronal circuitry is an important topic 

for future studies. j
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By Peter D. Roopnarine and 

Roxanne M. W. Banker

T
he rise and decline of organismal 

lineages dominate our view of life’s 

history. Less appreciated is the persis-

tence of ecological communities for 

tens of millions of years (1). On p. 300 

of this issue, Blanco et al. (2), analyz-

ing a series of mammalian faunas spanning 

the past 21 million years of the Iberian Pen-

insula, demonstrate increasing persistence 

of functional systems over time and the de-

coupling of those systems from species com-

position and duration. This study adds to 

a growing body of evidence that 

community structure is funda-

mentally important to ecosys-

tem persistence (3).

The Blanco et al. study spans 

a time of dynamic environmen-

tal changes. Mild climates of 

the middle Miocene contrib-

uted to the expansion of forest 

habitats on the peninsula and 

the immigration of Eurasian 

faunas (4), followed by a transi-

tion to more seasonal climates 

and the expansion of grasslands 

(5). The authors defined 169 

communities with an average 

duration of 0.1 million years. 

Species within each community 

were aggregated into functional 

units according to body size, 

diet, and locomotion. Applying 

a network-based approach, they 

identified taxonomic and func-

tional modules shared across 

communities based on signifi-

cantly co-occurring species or 

functional traits, respectively. 

Durations of taxonomic modules were 

brief—0.9 million years on average. Func-

tional modules, however, were more per-

sistent, having a mean span of 2.8 million 

years. Three long-lived communities, identi-

fied on the basis of shared faunal modules 

and called “functional faunas,” subdivide 

the data temporally. 

These successive faunas lasted 2.58 mil-

lion, 4.66 million, and 9.37 million years, 

respectively, representing associations of 

functional traits that persisted against 

backdrops of high species turnover. Species 

turnover occurred only within each fauna’s 

functional structure. The authors interpret 

this as structure excluding new species on 

the basis of their functional traits. The tran-

sition between functional faunas was in each 

case associated with major climatic shifts, 

extinction, and the introduction of new 

species with functional traits more suited 

to the new climatic conditions. Extinction 

rates were not increased during transitions, 

and species extinctions were more depen-

dent on collapsing functional structures. 

Furthermore, the transitions between fau-

nas were abrupt. There were no transient 

or intermediate faunas to suggest that new 

faunas were reorganizations of their prede-

cessors rather than replacements.

Blanco et al. bolster ideas that the ad-

dition of new species to a system, and the 

extinction of species during crises, are dic-

tated by existing functional structures (6). 

Indeed, it has been suggested that system 

dynamics act as agents of selection on spe-

cies within a system (7). Although transi-

tional faunas were absent in the Iberian 

series, the transition between persistent 

end-Permian and Middle Triassic terrestrial 

communities in the Karoo Basin of South 

Africa was marked by several short-lived 

communities (6). Models of those systems 

suggest that they would have been un-

stable and easily replaced by alternatively 

structured systems, which they were by the 

Middle Triassic. Their geological transience, 

however, corresponds to tens of millennia, 

suggesting that functionally “inferior” sys-

tems can persist for considerable intervals 

on ecological time scales. 

Species’ functional properties both affect 

and are affected by the network in which 

they are embedded. Species’ evolution may 

therefore be constrained by the systems to 

which they belong. System persistence itself 

is likely the result of diffuse coevolutionary 

interactions (8) that developed over long, 

abiotically stable intervals. Differential per-

sistence between systems is based on func-

tional diversity (2), functional redundancy, 

and the configuration of interactions among 

functions (6). Features determining the pro-

cesses and feedbacks of a system may ulti-

mately subject systems to selection (9), from 

which patterns of persistence emerge. 

The shortest-lived types of persistent 

systems are those based on unchanging 

PALEOECOLOGY

Ecological stasis on geological time scales
Communities and functional structure persist for millions of years in a mammal fauna
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By Abigail L. Lind and Katherine S. Pollard 

M
icrobial life is ubiquitous in most 

environments on Earth, includ-

ing in the gastrointestinal tract of 

animals. The composition of these 

collections of microbes, called the 

microbiota, can differ dramatically 

between individuals and species. Across the 

animal tree of life, these microbiotas contain 

a broad array of microbial diversity. Animal 

gut microbiota composition is more similar 

when hosts share diet or genetic ancestry, es-

pecially in mammals; the correlation of mi-

crobiota composition with genetic ancestry 

is weaker in fish, reptiles, birds, and inver-

tebrates (1–4). In many cases, gut microbes 

contribute to key host processes, including 

metabolizing specialized dietary compounds 

(5). On page 264 of this issue, Levin et al. 

(6) interrogate the microbes that inhabit 

the animal gut by sequencing fecal samples 

from ~180 wild and captive species across 

the animal tree of life. Most of the bacterial 

species and genes they found have not been 

described before.

This massive compendium includes 406 

samples from mammals, reptiles, birds, fish, 

and some invertebrates collected at six dif-

ferent sites globally, with the highest sam-

pling in Israel and Uganda. The animals 

span a variety of feeding patterns and behav-

ioral traits, although they are predominantly 

terrestrial vertebrates. The key contribution 

of Levin et al. is the use of whole-metage-

nome sequencing, as opposed to the single-

gene amplicon sequencing that has yielded 

much of our current understanding of ani-

mal gut microbiome (microbial genomes) 

composition across diverse groups (5). 

Whole-metagenome sequencing differs from 

amplicon sequencing in that it involves se-

quencing all of the DNA present in a sample 

rather than selecting for a specific piece, as 

in the case of the 16S ribosomal RNA gene 

in amplicon sequencing. One major advan-

tage of the whole-metagenome approach 

is that whole or partial genomes, called 

metagenome-assembled genomes (MAGs), 

can be reconstructed by sorting and piecing 

together the sequencing reads themselves, 

a process called binning and assembling. 

Increasingly large numbers of MAGs are be-

ing generated from environmental, human, 

animal, and plant sources, which has revolu-

tionized our understanding of the function, 

ecology, and evolution of host-associated and 

environmental microbiotas (7, 8).

Levin et al. find that most of the reads they 

sequence from animal microbiomes cannot 

be mapped to existing reference databases, 

highlighting the unexplored diversity of ani-

mal microbiomes. They use their sequencing 

reads to assemble more than 5000 MAGs 

from 1209 bacterial species, of which 75% are 

uncharacterized. This unexplored microbial 

diversity in animals stands in contrast to the 

well-studied human microbiome, which is 

much better represented by reference data-

bases. The animal microbiota species are dis-

tributed across the bacterial tree of life, with 

the highest enrichment in undescribed spe-

cies coming from Verrucomicrobia, a phylum 

found in water, soil, and human intestines 

but with relatively few cultivated species. 

Aligning the original sequencing reads back 

to the MAGs increases the amount of the se-

quencing library that can be assigned to bac-

terial genomes from 7 to 21% of reads. That 

most of the sequences remain unassigned is 

expected because MAGs do not capture all 

genomes in a sample. Specifically, they of-

ten miss lower-abundance taxa, mobile ge-

netic elements, and organisms with large or 

complex genomes, including most microbial 

eukaryotes. 

Using these assembled genomes, Levin et 

al. recapitulate findings first noted with am-

plicon sequencing, including that herbivore 

microbiomes are more diverse than carni-

vore microbiomes. By examining the gene 

content of their MAGs, the authors find that 

the genetic pathways encoded by the micro-

biomes of different groups of animals differ 

based on host diet, body size, and other traits. 

In a compelling proof-of-concept experiment 

to demonstrate that new bacterial functions 

can be discovered in animal microbiomes, 

the authors experimentally validated bacte-

rial toxin–metabolizing proteases found in 

the MAGs from carrion-eating griffon vul-
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Animal microbiomes are a treasure trove of 
previously unknown bacteria and genes

taxonomic composition (10). A hierarchy 

emerges, however, when definitions are 

broadened to include ecological traits and 

processes (see the figure). The largest are 

Sepkoski’s marine evolutionary faunas (11), 

followed by the ecologic evolutionary units 

of Boucot and Sheehan (1, 12, 13). Regardless 

of the hierarchical level at which a system is 

defined, common features exist across mul-

tiple scales when systems are defined func-

tionally and ecologically: Systems last longer 

than species (12, 13), and species turnover is 

more rapid and often decoupled from system 

persistence. The end of a system is marked 

by species extinction, which is often associ-

ated with external abiotic drivers (1). Tran-

sitions between systems are abrupt relative 

to typical system duration, marked either by 

the absence of structurally intermediate sys-

tems, as shown by Blanco et al., or by new 

systems of short duration (6). 

Thus, persistent paleoecological systems 

warrant examination beyond genealogical 

dynamics, but documentation and analysis 

using the fossil record are challenging, leav-

ing outstanding questions. How do persis-

tent systems arise, why do they eventually 

fail (6), and why are some more persistent 

than others (8)? Addressing these questions 

from a systems-based perspective is key to 

understanding processes of community as-

sembly and persistence that exist across 

hierarchical, temporal, geographical, and 

spatial scales. j
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“Systems last longer than species, 
and species turnover is more 
rapid and often decoupled from 
system persistence.”
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tures (Gyps fulvus). These proteases could 

be useful as antimicrobial compounds, with 

potential applications that include fighting 

human food poisoning. 

The greatest contribution of this study is 

its rich, systematically generated dataset. It 

is easy to imagine breakthroughs in areas 

as diverse as microbial conservation and 

emerging antibiotic resistance being fueled 

by discoveries made with these metage-

nomes. The proteases found in griffon vul-

ture microbiomes are a proof of principle 

for bioprospecting from wild-animal micro-

biomes, although it is not clear if this case 

study should be viewed as exceptional or an 

expected discovery.

This study has just scratched the surface 

of the hypotheses that can be tested with this 

dataset. Exciting future directions include 

questions about how microbiotas help ani-

mals degrade toxic plant chemicals, defend 

from pathogens in food, and extract nutri-

ents from diverse food sources. More broadly, 

questions remain about what most of the 

uncharacterized microbes detected by Levin 

et al. are doing in their hosts and whether 

they are stably colonizing the animals or 

transiently passing through their gastroin-

testinal tracts (2). Testing each hypothesis on 

this massive dataset requires a great deal of 

computational effort, interpretation, and ex-

perimental validation: Each question could 

be the subject of an entire PhD thesis.  

Using MAGs limits progress on one of 

the study’s stated aims, which is to enable 

conservation of medically and ecologically 

important bacterial strains. Characterizing 

threatened microbial species will require 

analyzing the unassembled reads, culturing, 

or enrichment techniques beyond the whole-

metagenome sequencing used in this study. 

Even for bacteria whose genomes are cap-

tured by assembling MAGs, these assemblies 

are prone to exclude the “accessory” genome, 

the genes that are variably present across 

strains. Yet these genes often play roles in 

adaptations to specific hosts and environ-

ments (9). For example, antimicrobial resis-

tance, pathogenicity, and energy harvesting 

are traits frequently encoded by mobile ele-

ments or other accessory genes.  

Reaping all the potential benefits of wild-

animal microbiomes will require studying 

bacterial isolates in most cases. The study of 

Levin et al. provides a roadmap for where in 

the world to look for animals that may har-

bor the strain or gene of interest. How fea-

sible it will be to culture and work with these 

strains is unknown. j
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Diagnosing 
nutritional 
stress in 
the oceans
Phytoplankton genomes map 
marine nutrient scarcity

By Maureen Coleman

M
arine phytoplankton perform al-

most half of global photosynthesis, 

and their capacity for carbon up-

take is governed by the availability 

of scarce nutrients. Climate change 

and anthropogenic inputs are al-

tering the oceanic distribution of these 

nutrients (1, 2). How individual phyto-

plankton groups and ocean productivity are 

responding to these changes is unknown. 

On page 287 of this issue, Ustick et al. (3) 

present a global map of nutrient limitation 

in Prochlorococcus, the most abundant pho-

tosynthetic organism in the low-latitude 

oceans, on the basis of a new diagnostic 

metric that could be widely used to monitor 

shifts in the nutritional seascape.

The classical test for limitation is 

a nutrient-amendment experiment: 

Phytoplankton growth rate and/or bio-

mass increase when the limiting nutri-

ent is added but remain unaffected by 

other supplements. This approach has 

long been used in small-scale incuba-

tions and whole-ecosystem manipulations, 

proving that phosphorus controls algal 

biomass in lakes (4) and that iron limits 

phytoplankton growth in so-called high-

nitrate low-chlorophyll ocean regions (5). 

Geochemists also infer nutrient deficiency 

by comparing ratios of dissolved nutrients 

to the Redfield stoichiometry (the average 

ratio of carbon, nitrogen, and phosphorus 

found in marine phytoplankton biomass). 

Molecular approaches assay the physi-

ological state of cells using RNA or protein 

expression (6, 7). Yet, all these approaches 

are low-throughput and laborious, requir-

ing meticulous precautions to prevent 

trace-metal contamination and exacting 

analytical methods for low-level detection. 

Department of the Geophysical Sciences, University of 
Chicago, Chicago, IL, USA. Email: mlcoleman@uchicago.edu

The newly identified toxin-metabolizing proteases from the gut bacteria of griffon vultures (Gyps fulvus), which 

eat carrion, may have applications in fighting food poisoning.
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By contrast, the metric developed by 

Ustick et al. requires only routine sam-

pling and DNA sequencing of microbial 

communities, a common approach to sur-

vey taxonomic composition and functional 

potential (8). But the authors extract 

new information by simplifying complex 

metagenomes down to a single taxon, 

Prochlorococcus. Prochlorococcus genomes 

continually gain and lose genes, and “use it 

or lose it” dictates whether a gene persists. 

Genes that enhance fitness—for instance, 

by increasing the rate at which a growth-

limiting nutrient can be transported into 

the cell—are selectively retained in ge-

nomes. Ultimately, every cell in the popula-

tion may carry the beneficial gene through 

a combination of vertical inheritance and 

horizontal gene transfer. Hence, the fre-

quency of the gene, relative to the average 

core housekeeping gene, serves as a proxy 

for the physiological limitation that the 

gene product relieves.  

Ustick et al. propose a set of diagnostic 

genes that are linked to phosphorus, ni-

trogen, or iron stress in Prochlorococcus 

(see the figure). The authors then quan-

tify the frequency of these genes in more 

than a thousand samples—the vast ma-

jority newly collected and sequenced. 

Their metric confirms results from well-

characterized locations (e.g., phosphorus 

limitation in the North Atlantic gyre) (9) 

while also revealing the stress “felt” by 

Prochlorococcus in uncharted regions of 

the Indian Ocean. In the Atlantic, criss-

crossing cruise tracks spanning 50°S to 

50°N latitude mapped sharp transitions 

between regions of phosphorus, nitrogen, 

and iron limitation. Notably, the distribu-

tions of marker genes for multiple stress-

ors sometimes overlapped, suggesting the 

potential for widespread colimitation, or 

the mixing of populations with distinct nu-

tritional histories. 

The elegant simplicity of this genetic ap-

proach belies many underlying uncertain-

ties. One key mystery is the major mode and 

rates of gene acquisition by Prochlorococcus 

cells. Studies have pointed to viruses (10) and 

membrane vesicles (11) and potentially to 

mobile genetic elements (12) as playing roles. 

To increase the sensitivity of the new metric, 

Ustick et al. categorized each diagnostic gene 

by the severity of stress (high, medium, or 

low) it indicates—for example, alkaline phos-

phatase is presumed to persist only under the 

most severe phosphorus stress—but the bio-

chemical trade-offs that underpin these cate-

gories have not been characterized and likely 

differ across taxa. How generalizable this ap-

proach is to other taxa remains to be seen.

More generally, what does this ap-

proach, and the resulting map of global-

scale nutrient stress, reveal about ocean 

biogeochemistry and controls on carbon 

uptake? Ustick et al. suggest that their 

genetic approach is validated by its con-

sistency with classical nutrient amend-

ment experiments. However, there are also 

discrepancies between the approaches, 

which is not unexpected and is intrigu-

ing. Experiments typically measure the 

short-term response to nutrient addition 

in terms of community-level biomass or 

carbon uptake. The gene metrics used here 

assess the impact of natural selection, in-

tegrated over unspecified time and space, 

on a single organism. Relating the two 

measures is not straightforward. Adding 

back the genome-reported limiting nutri-

ent would not necessarily increase the 

growth rate or biomass of Prochlorococcus, 

whose growth rate would likely already be 

near maximal. But it could still increase 

community-level biomass and carbon up-

take by replacing Prochlorococcus with 

faster-growing, larger taxa. These newly 

abundant taxa would have distinct stoi-

chiometric requirements compared with 

Prochlorococcus, and thus their growth 

might be limited by different nutrients. 

Teasing apart the reasons why individual 

taxa and the community as a whole re-

spond differently to nutrient amendments 

could provide important new insights into 

the physiological and ecological controls 

imposed by nutrient limitation. 

The atlas of nutrient limitation pre-

sented by Ustick et al. leverages routine 

metagenomic samples collected on a mas-

sive scale, providing a baseline assessment 

of global Prochlorococcus nutritional sta-

tus. Using this approach over time prom-

ises to document changing pressures felt by 

Prochlorococcus and potentially other taxa. 

It will not replace field experiments, physi-

ology, and geochemical tools but rather 

will complement these approaches with 

its extremely sensitive and taxon-specific 

readout. By integrating multiple methods 

and understanding their (dis)agreements, 

scientists will be better equipped to moni-

tor, and forecast, changes in ocean biogeo-

chemistry and carbon uptake. j 
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D
ebates about the decentralization of 

environmental policy are important 

and are far from resolved (1, 2). In-

terregional spillovers provide one 

key justification for centralized reg-

ulation: When regulation is decen-

tralized, individual jurisdictions may not 

protect downstream or downwind neigh-

bors from their pollution (2, 3). Under the 

Trump administration, the US Environmen-

tal Protection Agency (EPA) and US Army 

Corps of Engineers (ACE) departed from 

precedent to support the deregulation of US 

waterways in the repeal of the 2015 Clean 

Water Rule (CWR) and its replacement with 

the 2020 Navigable Waters Protection Rule 

(NWPR). In doing so, they assumed (with 

little evidence) that many states would fill 

gaps in federal oversight. With the Biden 

administration having signaled its intent 

to modernize regulatory review and to re-

view specific deregulatory actions taken 

by the Trump administration, we describe 

here how this environmental federalism 

approach downplays the importance of 

cross-state pollution and relies on flawed 

methods of benefit-cost analysis that could 

be used to weaken other statutes.

Early federal laws that allowed states to 

lead in setting environmental standards were 

replaced in the 1970s by a stronger role for 

federal regulation. Landmarks in this policy 

shift include the Clean Water Act (CWA) and 

the Clean Air Act (CAA). But the scope of wa-

ters protected under the CWA has been con-

troversial. Unlike many environmental regu-

lations, the CWR promulgated during the 

Obama administration did not propose new 

environmental standards. Instead, it sought 

to define the characteristics of water bodies 

that are subject to a variety of regulations un-

der the CWA—those that are considered “wa-

ters of the United States” (WOTUS)—with a 

particular focus on those waters in the legal 

gray areas that have prompted litigation over 

the past several decades. These include small 

headwaters, “isolated” wetlands, and ephem-

eral and intermittent streams. WOTUS juris-

dictional definitions determine which water 

bodies are subject to CWA regulations, affect-

ing agricultural operations, construction and 

land development projects, and other activi-

ties that involve such actions as filling of wet-

lands or increasing runoff of water pollutants 

into the bodies of water in contention.

The Trump administration repealed and 

replaced the CWR with the NWPR, narrow-

ing the CWA’s jurisdictional reach. Although 

exact magnitudes are subject to debate, a 

2017 analysis by EPA and ACE suggests that 

the NWPR excludes 18% of streams (35% 

in the arid West) and just over one-half of 

wetlands nationwide (4). This action had 

a weak scientific basis, as many of the ex-

cluded waters are connected biologically, 

chemically, and hydrologically to protected 

waters downstream (5).

DOWNPLAYING THEORY AND EVIDENCE

The economic basis for the NWPR is also 

flawed. In their analyses, the agencies argued 

that removing protection from the newly ex-

cluded waters would generate net economic 

benefits because states may be better regu-

lators of “local environmental public goods” 

(6, 7). The analysis represented a marked 

shift to decentralized decision-making that 

downplayed transboundary impacts—the 

scientific and economic basis on which the 

federal role is predicated (8).

For the first time since 1975, the NWPR 

eliminated “interstate waters” as a stand-

alone category of federal jurisdictional wa-

ters. Interstate waters could still be under 

federal jurisdiction, but only if they met the 

requirements of a covered standalone cat-

egory such as traditional navigable waters, 

their tributaries, and adjacent water bod-

ies. But, for example, according to the rule, 

any ephemeral or intermittent stream that 

crosses state borders or any such stream 

that feeds into interstate waters would no 

longer be under federal jurisdiction.

The agencies’ analyses implied that the 

interstate impacts of the NWPR’s changes 

would be minor. In contrast, economic 

theory and empirical evidence suggest 

that devolving regulatory authority from 

the federal government to states can re-

sult in weaker-than-optimal regulation 

when pollution crosses state boundaries 

(2). Indeed, the agencies noted this find-

ing but downplayed its importance (7). 

Because affected waters are connected to 

downstream waters, and because many 
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ENVIRONMENTAL POLICY

A water rule that turns a blind 
eye to transboundary pollution 
We can’t presume that states will fill gaps in federal oversight

P O L I C Y  F O RU M

At Cincinnati, Ohio, the Licking River flows from 

Kentucky into the Ohio River. One case study 

considered by the agencies includes the Middle Ohio 

and Kentucky-Licking watersheds. Together these 

watersheds cross four state boundaries (Indiana, 

Kentucky, Ohio, and West Virginia),  suggesting that 

transboundary water pollution is an important concern.
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state boundaries are arbitrary with respect 

to watershed boundaries, the narrowing 

of CWA jurisdiction would likely increase 

interstate water pollution. The magnitude 

of such impacts is critical to assessing the 

validity of the agencies’ federalism argu-

ments, yet they performed no such analy-

sis. Moreover, the economic analysis was 

internally inconsistent on this point. The 

agencies implemented three “case studies” 

to examine how the NWPR would affect a 

range of CWA programs (7). Yet all three 

case-study watersheds cross multiple state 

boundaries, highlighting that such bound-

aries do not constrain water pollution.

Following directly from the unsupported 

conclusion that water quality is a local pub-

lic good, the agencies implemented a set 

of “federalism scenarios.” The agencies ar-

gued that if some states were to decide to 

regulate the waters over which the federal 

government abdicates jurisdiction, then 

estimation of the benefits and costs of re-

scinding federal protection should not in-

clude these states. The agencies suggested 

that this adjustment by some states “would 

result in no change in compliance costs…

and no change in environmental benefits…

suggesting no net impact in the long run” 

(7). In other words, the agencies assumed 

that if state regulations filled the gap left by 

federal regulations, overall costs and ben-

efits would remain unchanged in the long 

run. But the agencies could only speculate 

about the future actions of states that are 

neither legally required nor likely to act—

an approach that, to our knowledge, has no 

precedent in EPA regulatory impact analy-

ses. EPA’s own Guidelines for Preparing 

Economic Analyses say that only related 

state rules that are legally required but not 

yet implemented should be included when 

estimating benefits and costs (9). Public 

comments on the NWPR raised this very is-

sue (10, 11). This EPA guidance (9) is  based 

on the need for a meaningful counterfactual 

that is not subject to arbitrary manipula-

tion. In fact, in recent air quality rules un-

der the CAA, EPA noted that “normal prac-

tice is to only include changes…from final 

regulatory actions in its modeling because, 

until such rules are finalized, any potential 

changes…are speculative” (12). 

EXCESSIVELY OPTIMISTIC, 

OR SIMPLY WRONG

If the agencies’ basic assumptions about fed-

eralism in the NWPR were problematic, how 

did they apply these assumptions in their 

economic analysis? To implement the feder-

alism scenarios in the NWPR, the agencies 

predicted state responses to the narrowing of 

federal water quality jurisdiction, using three 

indicators: (i) whether a state currently regu-

lates any intrastate waters beyond federal 

waters as “waters of the state”; (ii) whether 

state law restricts regulation of waters out-

side of federal waters; and (iii) whether a 

state currently has a dredge-and-fill program 

under CWA Section 404, commonly known as 

the wetlands regulatory program. The agen-

cies then removed groups of states deemed 

“likely to act” from their benefit and cost cal-

culations, excluding 23 states that they pre-

dicted would fully subsume the federal role 

in one scenario, and excluding 31 states in 

the scenario that was most optimistic about 

hypothetical future state laws (see the figure).

These predictions are inconsistent with 

states’ prior behavior. States have always 

been able to enact water quality protection 

rules more stringent than those in the CWA; 

it is unclear why they would do so now when 

they have not done so already. One promi-

nent example is 32  states’ challenge to the 

2015 CWR in court, arguing that it would 

impose excessive costs. Inexplicably, the 

NWPR’s economic analysis projected that 14 

of these states would now change their posi-

tion (13) (see the figure). Another example, 

from a different context, is states’ reaction 

to a reduction in the CWA’s jurisdiction over 

wetlands as a result of the Supreme Court’s 

2001 decision regarding the Solid Waste 

Agency of Northern Cook County. Almost 

20 years later, only a few states have moved 

to expand their own jurisdiction over some 

of the affected waters (14). These precedents 

suggest that the agencies’ contention that 

dozens of states would enact stricter water 

quality regulations upon the removal of fed-

eral regulation was excessively optimistic, 

or simply wrong.

A state-by-state review of relevant legisla-

tion, executive orders, and other documents 

provides additional support for our argu-

ment that the agencies’ predictions of state 

behavior are unsound. Among 31 states 

that the agencies deemed likely to regulate 

newly unprotected wetlands, we identify at 

least 16 that should not have been included, 

using the agencies’ own classification crite-

ria [see (8) and supplementary materials].  

In most of these cases, the agencies asserted 

that states may easily enact laws that exceed 

the minimum federal standard, but our 

analysis leads to the opposite conclusion. 

Many states require special legislative and 

administrative approval to pass environ-

mental rules that are more stringent than 

corresponding federal law. For example, the 

agencies identified Indiana as a state that 

“does not have broad legal limitations” on 

regulating more stringently than the fed-

eral government (6, 7). Since 2016, however, 

Indiana has mandated that environmental 

rules more stringent than federal rules can-

not go into effect until the legislature has 

had an opportunity to veto the more strin-

gent state rules. 

To describe the impact of this problem-

atic speculation about future state laws on 

the agencies’ economic analysis, we must 

clarify some terms. Because the NWPR re-

Also challenged the 2015 CWR in courtPredicted by EPA/ACE to fll regulatory gap left by NWPR
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Assuming state action, despite evidence to the contrary
This figure shows the 31 states that the agencies assumed will protect some or all of the streams and wetlands 

newly deregulated under the Navigable Waters Protection Rule (NWPR), despite evidence to the contrary. 

Best practices in benefit-cost analysis caution against this type of speculation about future state actions. 

Fourteen of these states, as designated in the figure, challenged the 2015 Clean Water Rule (CWR) in 

court (13); thus their future support for expanded protections would represent a substantial change in position.
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duces the share of US waters under federal 

protection, the NWPR’s benefits are actually 

avoided costs of regulation that would still 

be in place but for the rule (e.g., avoided 

compliance costs for regulated entities). 

Its costs, in contrast, are actually the for-

gone benefits from protecting wetlands and 

streams (e.g., lost wetland acreage) that 

the CWA no longer covers because of the 

NWPR. Thus, as a deregulatory action, the 

NWPR’s net benefits are its avoided costs 

minus forgone benefits. In addition, be-

cause the CWR had already been repealed, 

the baseline for the agencies’ economic 

analysis in the NWPR was the definition of 

WOTUS that predated the CWR [(7), p. xi]. 

Using data from the economic analysis 

for the NWPR (7), we calculate the national 

net benefits (avoided costs minus forgone 

benefits) of the rule. When benefits and 

costs for all states are included, net annual 

national impacts range from a $310 mil-

lion loss to a $484 million gain (table S1). 

When the agencies zeroed  out 31 states in 

their economic analysis of the NWPR, as-

suming that these states would adopt pro-

tections equivalent to those being removed, 

net annual national impacts range from an 

$83 million loss to a $208 million gain. The 

overall effect of the agencies’ federalism 

analysis is to decrease the extent to which 

the rule could be costly while maintaining 

an upside estimate that is favorable to the 

NWPR. 

To further explore the issue, we calculate 

the net benefits (avoided costs minus for-

gone benefits) of the NWPR by state (table 

S2). We find that nearly half of the forgone 

national benefits from the agencies’ nar-

rowing of the CWA’s scope are attributable 

to excluding a single state: Florida. Florida’s 

share of the NWPR’s national avoided costs, 

in contrast, is only about 10%. Florida is 

one of only two states for which the forgone 

benefits of the NWPR exceed the avoided 

costs (for an annual economic loss of more 

than $45 million) (table S2). Thus, when the 

agencies speculated that Florida would step 

in to regulate where the federal government 

does not, the result was extremely favorable 

to the NWPR. Yet our analysis suggests that 

the agencies miscategorized Florida as a 

state that is likely to take over the federal 

role for the newly excluded streams and 

wetlands (see supplementary materials). 

This would require a reversal of the state’s 

recent stance on these issues, given that 

Florida joined 31 other states in litigation 

against the 2015 CWR. 

PRODUCTIVE POLICY TENSION

The conflicts between EPA’s own guidance 

and its NWPR analysis, between its specula-

tion about state actions under the CWA but 

not under the CAA, and between the con-

clusions of the economic analyses of CWA 

rules under the Obama and Trump admin-

istrations are likely to be legal hurdles for 

the staying power of the NWPR. In the US, 

the Administrative Procedures Act requires 

a “reasoned explanation” for rulemakings 

like the CWR repeal and replacement and 

prohibits rules that are “arbitrary and ca-

pricious.” Failure to meet these require-

ments has caused federal courts to reject 

many Trump administration policies since 

2017, including the administration’s initial 

suspension of the CWR (15).

Where does this leave important debates 

about the appropriate locus of environ-

mental regulation? The agencies’ flawed 

estimates do not provide a clear picture. 

However, the best available scientific and 

economic evidence suggests that the feder-

alism argument should not be used to sup-

port the NWPR’s removal of a large share of 

US waters from CWA protection. The fed-

eralism arguments in the NWPR, although 

unconvincing in that setting, may have im-

plications for other federal environmental 

statutes in which debates about state versus 

federal control are germane, such as the 

CAA’s designation of nonattainment areas 

or the Safe Drinking Water Act’s maximum 

contaminant level standards. 

The agencies’ economic analysis for the 

NWPR violated basic tenets of benefit-cost 

analysis and EPA’s peer-reviewed guide-

lines, with no known precedent in federal 

rulemaking. The federalism analysis con-

travened the best available knowledge in 

the peer-reviewed economics literature to 

such a degree that the analysis can be con-

sidered arbitrary. Because the approach 

strongly affects the results of the benefit-

cost analysis, it also opens the agencies and 

the process of regulatory impact analysis 

to concerns about strategic manipulation. 

Although it is incorrect to speculate that 

dozens of states will fully subsume a re-

scinded federal environmental protection 

role, it can also be unrealistic to assume 

that no states will do so. This is why EPA’s 

Guidelines carefully define the thresholds 

for anticipated new state rules to be incor-

porated into benefit-cost analysis (9). Given 

prominent, persistent political debates 

over environmental federalism, it may 

be useful to revisit this aspect of the EPA 

Guidelines. Extensive, peer-reviewed theo-

retical, experimental, and observational 

research may yield a better understanding 

of the conditions that favor federal versus 

state jurisdiction in environmental policy 

development. Such policy tension can be 

productive to the extent that it motivates 

new research needed to support improved 

decision-making. j
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W
hat do Cold War military funding, 

the golden years of postwar ocean-

ography, the appalling state of our 

oceans today, and agnotology—the 

study of the cultural production of 

ignorance—have to do with each 

other? Plenty, as historian of science Naomi 

Oreskes makes clear in her impressive and 

authoritative new book, Science on a Mission.

Over the past two decades, 

Oreskes has helped transform how 

scholars understand the history 

of scientific and political debates 

over continental drift and anthro-

pogenic climate change. Her lat-

est work weaves together insights 

from these and other intellectual 

spheres to deliver a crucial mes-

sage: Patronage of knowledge 

production—that is, who pays for 

science—matters deeply.

Scientific work at sea is expen-

sive, and military financial and logistical 

support has enabled researchers to eluci-

date long-standing mysteries of the deep 

such as abyssal circulation, plate tecton-

ics, and seafloor hydrothermal vents. Yet 

Oreskes shows that Cold War navy bureaus 

paid to solve specific problems, especially 

concerning submarine warfare. By the mid-

dle of the 20th century, navy operational 

needs shaped the agendas of three major 

US marine research centers—the Scripps 

Institution of Oceanography, the Woods 

Hole Oceanographic Institution (WHOI), 

and the Lamont Geological Observatory—

with considerable consequences.

Not all US oceanographers ac-

cepted the strings attached to navy 

largesse. Debates erupted even be-

fore the Cold War at Scripps and 

again in the early 1960s at WHOI 

over the costs of having to work 

on classified operational projects. 

However, trustee budgetary pri-

orities eclipsed faculty concerns 

about autonomy and military con-

trol of “big science” at sea.

Oreskes uses fascinating his-

torical episodes to reveal serious, underap-

preciated consequences of oceanographers’ 

prolonged reliance on secret, mission-driven 

navy projects. Two chapters examine the com-

plex history of the famous Alvin submersible, 

which, contrary to subsequent whitewashing, 

did not start out as a research vessel. Another 

chapter tells the disturbing story of a promi-

nent WHOI sedimentologist who spent most 
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HISTORY OF SCIENCE

Military funding 
encouraged researchers 
to think of the ocean as 
a theater of war rather 
than a dynamic ecosystem

By Christine Keiner

B O O K S  e t  a l .

The cost 
of scientific 
patronage

of the 1980s and 1990s trying to convince the 

US government to bury nuclear waste in the 

deep sea, despite his earlier codiscovery that 

the seafloor lacks seismic stability.

The narrative culminates in the 1990s, 

when Scripps oceanographers pivoted to-

ward climate change research. Blind to their 

own arrogance and obliviousness about the 

impact of underwater sound on marine 

mammals, the scientists provoked public dis-

trust by casting themselves as climate heroes 

while dismissing concerns about the threats 

posed to whales by acoustic tomography, 

which the researchers sought to use to inves-

tigate ocean temperatures.

Epistemic effects of “military defense 

oceanography” continue to ripple outward 

today. Internalizing the navy’s view of the 

ocean as a theater of submarine warfare, 

rather than as a dynamic ecological system, 

led Scripps, WHOI, and Lamont leaders to 

brush off ocean biology and ecology. By the 

time comprehensive marine biological inven-

tories finally started, around the turn of the 

millennium, it was, Oreskes laments, “much 

too late” to determine baseline conditions 

owing to massive changes caused by overfish-

ing and other anthropogenic activities.

Historians of biology and marine environ-

ments will likely have other examples of how 

decision-makers “constructed substantial ig-

norance about the ocean as an abode of life.” 

From my own research, I would add that bi-

ologists of the late 1960s worked very hard 

yet failed to convince the US Office of Naval 

Research and allied agencies to fund studies 

of how a proposed Central American sea level 

canal might facilitate disastrous exchanges of 

invasive species (1). 

We need more historical scholarship on 

how powerful entities produce ignorance as 

well as knowledge, and Oreskes provides a 

model for doing so. As an intellectual and in-

stitutional history of postwar oceanography, 

Science on a Mission will interest historians 

and practitioners of the marine sciences, 

historians of Cold War science, and schol-

ars of epistemology, and it deserves a wide 

readership. Moreover, as an exposé of how 

navy-sponsored oceanographers wound up 

constraining their own research agendas and 

believing their own myths, the book should 

give pause to all scientists who consider 

themselves immune to the potential influ-

ence of their funders, or who romanticize the 

golden age of military scientific patronage. j
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K
ate Crawford’s new book, Atlas of AI, 

is a sweeping view of artificial intelli-

gence (AI) that frames the technology 

as a collection of empires, decisions, 

and actions that together are fast 

eliminating possibilities of sustain-

able futures on a global scale. Crawford, a 

senior principal researcher at Microsoft’s 

FATE (Fairness, Accountability, Transpar-

ency, and Ethics in AI) group, conceives 

of AI as a one-word encapsulation 

of imperial design, akin to Calder 

Willingham’s invocation of the word 

“plastics” in his 1967 screenplay for 

The Graduate (1). AI, machine learn-

ing, and other concepts are here un-

derstood as efforts, practices, and 

embodied material manipulations 

of the levers of global power. 

By taking power and materiality 

seriously and leaving aside ques-

tions of what intelligence is, Craw-

ford maps answers to how AI is 

made and how we are trapped by its 

making. The primary thesis of her 

book is that AI has nothing to do 

with understanding or seeking intel-

ligence but is a “registry of power,” 

a metaphor meant to encompass so-

cial, political, and economic power 

as well as the insatiable demands AI 

places on electric power grids and 

on nonhuman nature.

Why an “atlas” of AI? Because 

those in control of AI have a desire 

for AI “to be the atlas—the dominant 

way of seeing,” to be the single way 

in which humans understand and 

run the world. Crawford’s anticolo-

nial manual advances an alternative 

mapping, one that resists AI’s extractive, ex-

ploitative, and destructive aims. To compre-

hend Crawford’s argument is to understand 

that AI’s danger lies not in a hypothetical 

future superintelligence but in the reality of 

its current manifestation.

The book begins with a stark chapter 

(titled “Earth”) on the destructive power 

of lithium and rare earth element mining 

that provides the raw materials that under-

lie artificial processing power. In “Labor,” 

a visit to an Amazon fulfillment center 

in New Jersey inspires reflection on the 

crushing effects of the “logics of produc-

tion” that undergird just-in-time synchro-

nization of humans by machines and their 

builder-owners.

In “Data” and “Classification”—two of her 

most effective chapters—Crawford traces 

the pragmatics of predictive analytics, 

which she argues are rooted in promises of 

beneficence without attention to nonma-

leficence. Here, she describes how AI con-

structs digital gates that lock us into data 

cages fixed to a mismeasured atlas over 

which we have no consent or other con-

trol. She offers as an example UTKFace, a 

database of facial images scraped from the 

internet that uses restrictive gender binary 

and ethnic identity classification schemes 

(“an integer from 0 to 4, denoting White, 

Black, Asian, Indian, and Others”) without 

attempting to contact the persons in the 

dataset to ask for their consent or provid-

ing them with the opportunity to articulate 

their own gender and ethnic identities (2).

In “Affect,” Crawford applies the lessons 

of the previous two chapters to highlight 

the dangers of automating human emotion 

detection. She effectively strikes down the 

notion that machine classification of hu-

man emotion in policing, security, law, hir-

ing, education, and psychiatric medicine 

will be bias-free, given its existing track re-

cord of othering persons from already mar-

ginalized communities.

Crawford’s final chapter (“State”) 

describes the US Department of 

Defense’s Project Maven, an ini-

tiative in which a weaponized AI 

would be used to expand the scope 

of drones. Google, the project’s first 

host, tried to keep its work on the 

project secret, but when the com-

pany’s employees found out, more 

than 3000 signed a letter express-

ing ethical concerns about the 

company’s involvement in such a 

program. After Google did not re-

new the initial contract, Project 

Maven moved to Palantir, a start-

up whose funding was partially 

derived from a CIA-affiliated ven-

ture capital group. Crawford shows 

how Palantir’s business model has 

already made its way into domes-

tic deportation efforts, local po-

licing, and supermarket chains, 

arguing that the imminent threat 

of weaponized AI must super-

sede nagging worries about auto-

mated weaponry. 

With Atlas of AI, Crawford has 

written a timely and urgent con-

tribution to the interdisciplinary 

projects seeking to humanize data 

science practice and policy. One might rea-

sonably object to her view that “we must 

focus less on ethics and more on power” 

or push back against her recurrent use of 

“myth” and “mythologies” to mean “false-

hood” and “lies,” yet such qualms in no way 

diminish the value of this book. j
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AI empires
A Microsoft researcher unpacks the power and perils 
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network. The network would need several 

dozen stations within about 100 km of the 

area prone to hazard (4). The arrival time of 

various phases of a seismic wave at different 

stations in such a network could provide a 

close to real-time alert of a rockslide and 

could pinpoint when a rockslide transitions 

to a debris flow and where flood risks might 

increase (5). If the stations were connected 

by satellite to a monitoring center, seismic 

data could support automated detection, 

location, and early warning of hazardous 

flash floods. 

In the Indian state of Uttarakhand, the 

Council of Scientific & Industrial Research–

National Geophysical Research Institute, 

Hyderabad, operates a dense network of 

more than 80 seismic stations (6). The 

individual phases of the 7 February event 

are likely identifiable in the records at these 

stations. Efforts are currently under way to 

develop a rockslide and flood early warning 

system for the Himalayan region by using 

dense networks for seismic monitoring (5, 

6), coupled with interpretation of satellite 

data, numerical modeling, and geomorphic 

analysis. Such a system could potentially 

provide crucial warning information shortly 

after initiation of an event, enabling evacua-

tion at downstream locations. With climate 

change playing a major role in accelerating 

ice loss in the mountain glaciers (7), likely 

leading to increased frequency of flash 

floods, real-time seismic monitoring may 

become the key to minimizing damage and 

casualties caused by these events.
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Reimagining aquaculture 
in the Global South
Aquaculture has existed for millen-

nia, reaching industrial scales in recent 

decades, and will play an increasingly 

LETTERS

Workers clear debris in the Chamoli district of Uttarakhand, India, after a glaciated ridge failed on Ronti mountain on 7 February, causing massive flooding.

Seismological rockslide 
warnings in the Himalaya
On 7 February, a glaciated ridge of Ronti 

mountain in the western Himalaya failed at 

5600 m above sea level, causing a rockslide 

that induced a debris flow and flooding 

in the tributaries of the river Ganga (1). 

The events destroyed two hydroelectric 

projects and claimed more than 100 lives. 

Himalayan countries urgently need a robust 

early warning mechanism for rockslides 

and triggered flow cascades such as debris 

flow and flash floods. These flows move at 

up to tens of meters per second. In contrast, 

the elastic waves they generate have speeds 

of a few kilometers per second [(2), p. 59] , 

arriving quickly at different seismic stations 

and potentially providing advance notice 

of disasters. A dense seismological network 

could be the key to a successful early warn-

ing system. 

Satellites are conventionally used to 

detect rockslides and cascading events, 

but the time gaps between satellite data 

acquisitions limit their utility for real-time 

monitoring [e.g., (3)]. Seismic stations can 

record several data samples per second 

[(2), p. 385], but the use of seismic data 

for this purpose strongly depends on the 

availability and proximity of a dense seismic 

Edited by Jennifer Sills



important role in feeding the world (1–6). 

As this industry grows, we must ensure 

that it is ecologically and socially sustain-

able. However, the current production 

process for the food given to farmed fish 

still threatens coastal ecosystems and the 

livelihoods of local fishers, especially in 

the Global South (2–7). Before aqua-

culture is scaled up further, its global 

environmental and socioeconomic foot-

print should be carefully reimagined.

Because small fishes are at the bottom 

of the trophic pyramid, overharvesting 

can lead to the collapse of local ecosys-

tems (8, 9). In many places, these small 

fish also serve as vital, local food sources. 

Small fish caught in the Global South are 

increasingly used for fish meal production 

for livestock and aquaculture rather than 

for direct human consumption.  These 

practices have disrupted food security in 

places such as Bangladesh, Gambia, and 

Ghana (7, 10), as affordable protein has 

shifted from poorer coastal communities 

to richer markets. Widespread illegal, 

unreported, and unregulated fisheries sup-

port unsustainable, large-scale fish meal 

production for regional use or for growing 

global markets. 

To achieve the goals of the United 

Nations Decade of Ocean Science for 

Sustainable Development, we must 

develop strategies to make aquaculture 

truly sustainable in the Global South 

and beyond. This will require concerted 

support for technological advances such 

as new water recirculation and offshore 

innovations to efficiently rear species 

ranging from algae to large predator 

fish. To meet UN goals within a decade, 

we also need faster development of 

environmentally and socially respon-

sible ingredients for fish feed (2–6) and 

effective policies to support sustainable 

development production schemes and 

human nutrition initiatives in affected 

coastal communities. Fisheries and 

aquaculture policies should include envi-

ronmental governance strategies focused 

on seawater quality and biodiversity 

protection (such as farm level sustain-

ability certification), comprehensive 

sustainability assessments, socioeco-

nomic dimensions, capture fisheries, and 

improved feed ingredient production 

(1–6, 11, 12).
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Weather radars’ role in 
biodiversity monitoring
Biodiversity is changing at an unprec-

edented rate, and long-term monitoring 

is key to quantifying these changes and 

identifying their drivers (1, 2). Weather 

radars are an essential tool for meet-

ing these goals. However, recent policy 

changes make vital data unavailable. 

Data policy should be adjusted to take 

into account the broad role that weather 

radars play beyond meteorology.

In addition to providing essential 

meteorological data for weather forecasts, 

flood risk planning, storm warnings, and 

atmospheric and climatological research 

(3, 4), weather radars detect trillions of 

insects, bats, and birds in the air (5, 6). By 

collecting such data, they could provide an 

unrecognized service to society: long-term 

standardized monitoring of aerial biomass 

flows (7). In the United States, weather 

radar data have already been used at a 

continental scale for these purposes (6, 8). 

However, similar efforts in Europe (9, 10) 

are now fundamentally threatened. 

The Operational Programme for the 

Exchange of Weather Radar Information 

(OPERA) coordinates the exchange of 

radar data among European national 

meteorological services (11). It serves as 

a central hub for accessing weather radar 

data in Europe, allowing those in search 

of data to make one request instead of 

contacting each meteorological service 

separately. However, because of budget 

cuts and resulting prioritization of meteo-

rological products, OPERA now requests 

that national meteorological services 

submit cleaned rather than uncleaned 

polar volume radar data (12). Uncleaned 

radar data include both meteorological 

and biological signals, whereas cleaned 

data exclude biological signals.

OPERA is currently establishing new 

centers for European weather radar data 

that could serve as ideal access points for 

diverse users and stakeholders. Access 

to uncleaned polar volume data at these 

data centers would boost their utility for 

aerial biodiversity monitoring and other 

multidisciplinary applications. To make 

this possible, OPERA should revise its 

data exchange policy to require that all 

countries submit uncleaned radar data, 

and Europe must build adequate data 

infrastructure to transfer and store the full 

data. National and international funding 

schemes and policy-makers such as the EU 

Commission should recognize and stimu-

late diverse applications of weather radar 

data, and OPERA should establish an open 

access data archive, which would facilitate 

long-term multidisciplinary research and 

biodiversity monitoring. If all regional 

associations of the World Meteorological 

Organization adopted similar policies, 

weather radars could be used for aerial 

biodiversity monitoring worldwide.
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Comment on “Circadian rhythms in the absence 

of the clock gene Bmal1”

Elan Ness-Cohn, Ravi Allada, Rosemary Braun

Ray et al. (Reports, 14 February 2020, 

p. 800) report apparent transcriptional 

circadian rhythms in mouse tissues lacking 

the core clock component BMAL1. To bet-

ter understand these surprising results, we 

reanalyzed the associated data. We were 

unable to reproduce the original findings, 

nor could we identify reliably cycling genes. 

We conclude that there is insufficient evi-

dence to support circadian transcriptional 

rhythms in the absence of Bmal1.

Full text: dx.doi.org/10.1126/science.abe9230

 Response to Comment on “Circadian rhythms 

in the absence of the clock gene Bmal1”

Sandipan Ray, Utham K. Valekunja, Alessandra 

Stangherlin, Steven A. Howell, Ambrosius P. 

Snijders, Gopinath Damodaran, Akhilesh B. Reddy

Ness-Cohn et al. claim that our observa-

tions of transcriptional circadian rhythms 

in the absence of the core clock gene 

Bmal1 in mouse skin fibroblast cells are 

supported by inadequate evidence. They 

claim that they were unable to reproduce 

some of the original fndings with their 

reanalysis. We disagree with their analyses 

and outlook.

Full text: dx.doi.org/10.1126/science.abf1930

Comment on “Circadian rhythms in the absence 

of the clock gene Bmal1”

Katharine C. Abruzzi, Cédric Gobet, Felix Naef, 

Michael Rosbash

Ray et al. (Reports, 14 February 2020, p. 

800) recently claimed temperature-com-

pensated, free-running mRNA oscillations 

in Bmal1–/– liver slices and skin fibroblasts. 

We reanalyzed these data and found far 

fewer reproducible mRNA oscillations in 

this genotype. We also note errors and 

potentially inappropriate analyses.

Full text: dx.doi.org/10.1126/science.abf0922

Response to Comment on “Circadian rhythms 

in the absence of the clock gene Bmal1”

Sandipan Ray, Utham K. Valekunja, 

Alessandra Stangherlin, Steven A. Howell, 

Ambrosius P. Snijders, Gopinath Damodaran, 

Akhilesh B. Reddy

Abruzzi et al. argue that transcriptome 

oscillations found in our study in the 

absence of Bmal1 are of low amplitude, 

statistical significance, and consistency. 

However, their conclusions rely solely on a 

different statistical algorithm from what we 

used. We provide statistical measures and 

additional analyses showing that our origi-

nal analyses and observations are accurate. 

Further, we highlight independent lines of 

evidence indicating Bmal1-independent 

24-hour molecular oscillations.

Full text: dx.doi.org/10.1126/science.abf1941
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evolutionary time scales. —LBR

Science, this issue p. 292

MEMBRANES

One-step purification 
and desalination
The purification of water for 

drinking purposes can require 

multiple filtration steps and 

technologies to remove contami-

nants such as salts and heavy 

metals. Some contaminants 

could have value if recovered, 

but these are often discharged in 

the waste streams. Uliana et al.

describe a general approach for 

the fabrication of robust, tunable, 

PALEONTOLOGY

Estimating dinosaur 
abundance
Estimating the abundance of a 

species is a common practice 

for extant species and can 

reveal many aspects of its ecol-

ogy, evolution, and threat level. 

Estimating abundance for spe-

cies that are extinct, especially 

those long extinct, is a much 

trickier endeavor. Marshall et al.

used a relationship established 

between body size and popula-

tion density in extant species to 

estimate traits such as density, 

distribution, total biomass, and 

species persistence for one 

of the best-known dinosaurs, 

Tyrannosaurus rex, revealing 

previously hidden aspects of its 

population ecology. —SNV

Science, this issue p.  284

SIGNAL TRANSDUCTION

Circuit design for control 
of metabolism
A transcriptional control 

mechanism in yeast that allows 

cells to respond to changes in 

nutrient concentrations works 

very much like a household 

light-dimmer switch. That is, 

the system separately controls 

whether gene expression is 

“on” or “off” and the extent of 

gene expression. The galactose-

responsive pathway is activated 

when yeast need to switch from 

metabolizing glucose to metab-

olizing galactose. Ricci-Tam et 

al. found that, rather than using 

two separate elements for the 

switch and dimmer controls, 

yeast use a single transcrip-

tion factor, Gal4p, separately 

regulating its abundance 

(through transcriptional regula-

tion) and its catalytic activity 

(through interaction with a 

protein-binding partner). Such 

regulation may be common and 

can allow responses to the envi-

ronment on physiological and P
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W
ildfire activity has been increasing in the boreal forests of 

the Northern Hemisphere, releasing carbon into the atmo-

sphere from biomass and soil, with potential feedback to 

climate warming. In a long-term study, Mack et al. analyzed 

wildfire impacts on the carbon balance of boreal forest in 

Alaska, with particular focus on forest-regeneration patterns. After 

fire, the species composition in most of the study sites changed 

from black spruce to a mixture of conifers and deciduous broadleaf 

tree species. The stands that had shifted to deciduous dominance 

stored fivefold more soil carbon than stands that returned to black 

spruce dominance. Therefore, the functional traits of deciduous 

trees compensated for the combustion loss of soil carbon, pointing 

to a potential mitigation of the feedback effect of boreal forest fire 

to climate warming. —AMS  Science, this issue p. 280

FIRE ECOLOGY 

Carbon cycling after boreal forest fire

A burned black spruce forest in Alaska quickly recovers, with deciduous species dominating after fires that burn deep.
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adsorptive membranes through 

the incorporation of porous 

aromatic framework (PAF) 

nanoparticles into ion exchange 

membranes such as those made 

from sulfonated polymers. Salts 

are removed using a series of 

cation and anion exchange mem-

branes, and the PAF particles can 

be selected to capture specific 

target ions, such as those of cop-

per, mercury, or iron. This allows 

for simultaneous desalination 

and decontamination of the 

water. —MSL

Science, this issue p. 292

QUANTUM NETWORKS

A three-node 
quantum network
Future quantum networks 

will provide the means to 

develop truly secure com-

munication channels and will 

have applications in many 

other quantum-based tech-

nologies. Pompili et al. present 

a three-node remote quantum 

network based on solid-state 

spin qubits (nitrogen-vacancy 

centers in diamond) coupled 

by photons. The implementa-

tion of two quantum protocols 

on the network. entanglement 

distribution and entanglement 

swapping, illustrates a key plat-

form for exploring, testing, and 

developing multinode quantum 

networks and quantum proto-

cols. —ISO

Science, this issue p. 259

2D MATERIALS

Twisted and nematic
Electrons in quantum materials 

can break rotational symmetry 

even when the underlying crystal 

lattice does not. This phenom-

enon, called nematicity, has 

been observed in many uncon-

ventional superconductors. 

Cao et al. found that magic-

angle twisted bilayer graphene, 

in which superconductivity 

was recently discovered, also 

exhibits nematicity. The break-

ing of rotational symmetry was 

observed through transport 

measurements, which exhibited 

characteristic anisotropy. —JS

Science, this issue p. 264

EVOLUTIONARY COGNITION

I know what I saw
Over the past several decades, 

evidence has accumulated show-

ing that some nonhuman animals 

have conscious awareness. Some 

argue that despite high-level 

cognitive function, this may be 

occurring without conscious 

awareness of self. Unfortunately, 

we cannot ask animals to report 

their experiences. Ben-Haim et 

al. exploited the human faculty 

for crossover double dissociation 

between nonconscious and con-

scious processing and applied it 

to rhesus macaques. People per-

form in completely opposite ways 

when they are aware of stimuli 

compared with when they are not. 

In the authors’ visual tests, the 

macaques showed nearly identi-

cal responses to those of humans, 

TUMOR IMMUNOLOGY

Sequence of 
immunotherapy matters
 Immune checkpoint blockade is 

clinically successful in various 

cancer types, yet many treated 

patients relapse. Determining 

effective combination therapies 

that induce systemic antitumor 

immunity is crucial. Immune 

checkpoint blockade com-

bined with local radiation can 

improve antitumor responses, 

but it remains unclear how the 

sequence of these therapies 

alters efficacy. Wei et al. used 

mouse tumor models to dem-

onstrate that treatment with 

anti–PD-1 after stereotactic body 

radiation therapy (SBRT) elicited 

superior systemic  antitumor 

immunity, abscopal effects, 

and protection compared with 

anti–PD-1 given before SBRT. 

These data were correlated with 

improved intratumoral CD8+ T 

cell responses and decreased 

CD8+ T cell death in local and dis-

tant tumors. This work provides 

preclinical rationale for giving 

anti–PD-1 after SBRT in patients 

with cancer. —DAE

Sci. Immunol. 6, eabg0117 (2021).

IMAGING

Pathogen-specific PET
Enterobacterales infections can 

affect diverse locations within 

the body, and multidrug-resistant 

strains are difficult to diagnose 

and treat. Ordonez et al. used 

an 18F-labeled sugar alcohol as a 

bacteria-specific imaging agent 

to detect and monitor infections 

in patients. Positron emission 

tomography (PET)/computerized 

tomography imaging showed 

selective uptake of the tracer 

in Enterobacterales infections 

as opposed to other types of 

inflammation or cancer. Signal 

was reduced in sites of drug-

susceptible infections in patients 

after treatment with antibiotics. 

The authors also showed that the 

imaging agent could differentiate 

bacterial infection from severe 

acute respiratory syndrome 

coronavirus 2 in a hamster model, 

supporting its use for bacteria-

specific imaging. —CC

Sci. Transl. Med. 13, eabe9805 (2021). 

Da si iust apelectur ad mintium 

conestem sequiberibus doluptatqui

EVOLUTION

One problem, several solutions

C
limate change is increasing desertification and increas-

ing demands on heat and desiccation tolerance. To 

understand how species adapt to similar challenging 

environments, Colella et al. undertook a comparative 

genomic study of three species of Peromyscus mice 

that live in overlapping arid North American environments. 

Peromyscus maniculatus and Peromyscus eremicus are more 

closely related to each other than to Peromyscus crinitus. 

However, P. maniculatus occupies a broad range of habitats, 

and P. eremicus and P. crinitus are restricted to desert environ-

ments. The genes under selection for the desert species were 

found to be functionally similar, but overlapping selection 

was only observed for a gene involved in ribosomal func-

tion. Selective sweeps within the Peromyscus genomes have 

occurred, but each species appears to be under selection 

for different genes rather than following parallel evolutionary 

tracks. Therefore, even under similar environmental pressures, 

species can show different genomic adaptations. —LMZ  

J. Hered. esab009 (2021).

Edited by Caroline Ash 

and Jesse Smith
IN OTHER JOURNALS

The deer mouse, Peromyscus maniculatus, and its relatives have 

special genomic signatures for survival under desert conditions.
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indicating that the monkeys 

reacted differently when they 

were consciously aware that they 

had seen a stimulus compared 

with when they were not. —SNV

Proc. Natl. Acad. Sci. U. S. A. 118, 

e2017543118 (2021).

GEOLOGY

Clay-driven compaction
Active gas reservoirs often sub-

side during fossil fuel production. 

The mode of deformation, elastic 

or inelastic, is critical for assess-

ing the production impact and 

hazard associated with extrac-

tion. Verberne et al. compared 

two drill cores from before and 

50 years after gas production 

began in the Groningen field 

in the Netherlands. Detailed 

observations revealed that the 

permanent deformation was due 

to the fracture of feldspar grains, 

which was driven by deforma-

tion of weak clay films. Better 

understanding this compaction is 

vital for modeling this site, along 

with others in various stages of 

production. —BG

Geology 10.1130/G48243.1 (2020).

SIGNAL TRANSDUCTION

Taking control of 
networks
Cell-regulatory signaling path-

ways can be mapped as binary 

interaction graphs and Boolean 

networks. Disruption of such 

networks might be translat-

able into cancer therapies, for 

instance, but it is difficult to 

predict the best ways to do 

this. Part of the problem may 

be the redundancy of causal 

connections in networks, which 

likely buffers critical circuits to 

unintended perturbations but 

makes intended adjustments 

harder to define. Gates et al. 

propose a method to define the 

“effective graph” for interventions 

that can switch a system into a 

more desirable state. The method 

showed promise in analyzing 

complex networks controlling 

flower development and in a 

breast cancer model.  Further 

testing in other biological sys-

tems will determine whether this 

difficult problem might yield to an 

effective graph method. —LBR

Proc. Natl. Acad. Sci. U. S. A. 118, 

e2022598118 (2021).

VACCINES

Vaccines, economics, 
and evolution
Persistent respiratory tract infec-

tions caused by Streptococcus 

pneumoniae (pneumococcus) 

lead to chronic antibiotic misuse. 

However, the dangers of death 

from antibiotic resistance, which 

leads to invasive disease, are 

growing. Using an agent-based 

model, Lu et al. demonstrate that, 

to some extent, we can vaccinate 

our way out of trouble. China 

accounts for about 12% of global 

childhood pneumococcal infec-

tions. Increasing pneumococcal 

conjugate vaccine coverage in this 

country would reduce the use of 

several common antibiotics. The 

authors tested various scenarios, 

including accelerated vaccine 

coverage, which after 5 years 

reduces antimicrobial resistance 

by up to 17% and cumulative 

costs by up to $586 million USD. 

Thus, government investment in 

pneumococcal vaccination can 

bring both economic and evolu-

tionary benefits. —CA

Proc. Natl. Acad. Sci. U. S. A. 118, 

e2004933118 (2021).

SCIENCE COMMUNICATION 

Creative destruction by 
review papers
Reviews allow scientists to 

curate, synthesize, and simplify 

individual findings into a coher-

ent overview of a specific field. 

However, once the review is 

available, what happens to the 

individual findings themselves? 

McMahan and McFarland 

analyzed data from millions of 

journal articles to determine the 

consequences of review articles 

for the publications they cite. 

In general, the review is cited 

instead of the specific findings 

contained within, resulting in 

a loss of future citations for 

individual papers. Additionally, 

reviews lead to focused atten-

tion around key findings and 

the relations between them, 

resulting in a substantial 

simplification of a domain 

of knowledge. The authors 

describe this as “creative 

destruction,” in which those 

who do the science become 

overshadowed by those who 

summarize the science. —MMc

Am. Sociol. Rev. 

10.1177/0003122421996323 
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 MICROBIAL SIGNALING

Light conversation

I
n dedicated symbioses, a host organism can communicate with and provide a favorable 

environment for a single microbial species or even a single strain. The Hawaiian bobtail 

squid, Euprymna scolopes, has such a relationship with the bioluminescent bacterium Vibrio 

fischeri, which colonizes the squid’s light organs. Zink et al. used imaging mass spectrom-

etry to identify the cyclic dipeptide cyclo(D-histidyl-L-proline) as a contributor to biofilm 

formation, which is important for successful colonization. This molecule, which is likely produced 

by the bacteria in response to signals from the squid, was present in the colonized squid light 

organ and stimulated luminescence by the bacteria in vitro. —MAF  mBio 12, e03636-20 (2021).

Bioluminescent bacteria in the Hawaiian 

bobtail squid, Euprymna scolopes, use 

a small molecule to coordinate light 

production and symbiosis.
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QUANTUM COMPUTING

Materials challenges and opportunities for quantum
computing hardware
Nathalie P. de Leon, Kohei M. Itoh, Dohun Kim, Karan K. Mehta, Tracy E. Northup, Hanhee Paik*,

B. S. Palmer, N. Samarth, Sorawis Sangtawesin, D. W. Steuerman

BACKGROUND: The past two decades have seen

intense efforts aimed at building quantum

computing hardware with the potential to

solve problems that are intractable on classi-

cal computers. Several hardware platforms for

quantum information processing (QIP) are un-

der active development. To realize large-scale

systems based on these technologies, we must

achieve error ratesmuch lower than have been

demonstrated thus far in a scalable platform, or

devise a new platform entirely. These activities

will require major advances in materials sci-

ence and engineering, new fabrication and

synthesis techniques, and new measurement

andmaterials analysis techniques.We identify

key materials challenges that currently limit

progress in five quantumcomputing hardware

platforms, propose how to tackle these prob-

lems, and discuss some new areas for explora-

tion. Addressing these materials challenges will

necessitate interdisciplinary approaches from

scientists and engineers beyond the current

boundaries of the quantum computing field.

ADVANCES: This Review constitutes a roadmap

of the current challenges and opportunities for

materials science in quantum information pro-

cessing. We provide a comprehensive review of

materials issues in each physical platform by

describing the evidence that has led to the

current understanding of each problem. For

each platform, we present reasons for partic-

ularmaterial choices, survey the current under-

standing of sources of noise and dissipation,

describe materials limitations to scaling, and

discuss potential newmaterial platforms. De-

spite major differences among physical im-

plementations in each hardware technology,

there are several common themes: Material

selection is driven by heterogeneity, impurities,

and defects in available materials. Poorly con-

trolled and characterized surfaces lead to noise

and dissipation beyond limits imposed by bulk

properties. Scaling to larger systems gives rise

to newmaterials problems that are not evident

in single-qubit measurements.

OUTLOOK: We identify three principal materials

research frontiers of interest in this context.

First, understanding the microscopic mecha-

nisms that lead to noise, loss, and decoher-

ence is crucial. This would be accelerated by

developing high-throughputmethods for cor-

relatingqubitmeasurementwithdirectmaterials

spectroscopy and characterization. Second, rela-

tively few material platforms for solid-state QIP

have been explored thus far, and the discovery

of a new platform is often serendipitous. It is

thus important to develop materials discovery

pipelines that exploit directed, rationalmaterial

searches in concert with high-throughput char-

acterization approaches aimed at rapid screen-

ing for properties relevant to QIP. Third, there

are several materials issues that do not affect

single-qubit operations but appear as limita-

tions in scaling to larger systems. Many prob-

lems faced by these platforms are reminiscent

of some that have been addressed over the

past five decades for complementary metal-

oxide semiconductor electronics and other

areas of the semiconductor industry, and

approaches and solutions adopted by that

industry may be applicable to QIP platforms.

Materials issues will be critical to address in

the coming years as we transition from noisy

intermediate-scale systems to large-scale, fault-

tolerant systems. Quantum computing began

as a fundamentally interdisciplinary effort in-

volving computer science, information science,

and quantum physics; the time is now ripe

for expanding the field by including new col-

laborations and partnerships with materials

science.▪

RESEARCH
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Five quantum computing hardware

platforms. From top left: Optical image

of an IBM superconducting qubit

processor (inset: cartoon of a Josephson

junction); SEM image of gate-defined

semiconductor quantum dots (inset:

cartoon depicting the confining

potential); ultraviolet photoluminescence

image showing emission from color

centers in diamond (inset: atomistic

model of defects); picture of a surface-

electrode ion trap (inset: cartoon of ions

confined above the surface); false-

colored SEM image of a hybrid

semiconductor/superconductor

[inset: cartoon of an epitaxial

superconducting Al shell (blue)

on a faceted semiconducting InAs

nanowire (orange)].
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MICROBIAL GENOMICS

Diversity and functional landscapes in the microbiota
of animals in the wild
Doron Levin†, Neta Raab†, Yishay Pinto†, Daphna Rothschild†, Gal Zanir, Anastasia Godneva,

Nadav Mellul, David Futorian, Doran Gal, Sigal Leviatan, David Zeevi, Ido Bachelet‡, Eran Segal‡*

INTRODUCTION: Animals in the wild are able

to subsist on pathogen-infected and poisonous

food and show immunity to various diseases.

These characteristicsmay be contributed largely

by the animals’microbiota. However, compared

with the human microbiota, which has been

extensively studied, the microbiota of animals

in thewild has received less focus. In this study,

we aimed to construct and functionally anno-

tate a comprehensive database of microbiota

sampled from wild animals in their natural

habitats. Several considerations guided our sam-

ple collection and analysis strategy. First, we

focused on sampling of animals from the wild,

despite themany challenges that such sampling

poses, because captivity was shown to alter the

microbiome of several animal species. Second,

to obtain a broad representation of wild ani-

mals, we sampled in four continents and from

a diversity of animals with varied traits and

feeding patterns. We hand-curated traits for

each species, including dietary adaptations,

activity hours, and social structures, allowing

us to systematically study the relationships

between microbiota composition and host phe-

notype. Finally, we adapted a metagenomic

genome assembly pipeline and annotated the

assembled genomes taxonomically and func-

tionally, resulting in a broad collection of

genomes that represents the microbial land-

scape of wildlife.

RATIONALE: It is becoming evident that animal

microbiomes are a rich source of biological

functions that may have biotechnological im-

pact, including antibiotics, industrial enzymes,

and immunomodulators. Moreover, animals in

the wild exhibit adaptations such as the safe

consumptionof rotting, pathogen-infectedmeat

and poisonous plants; production of highly po-

tent toxins; bioluminescence; specific immunity

to various diseases and microbial pathogens;

regenerative capabilities; and, in some species,

extreme longevity. Some of these adaptations,

such as toxin production and bioluminescence,

are conferred, at least in part, bymicrobial sym-

bionts living in and on the animal. However, de-

spite these examples, a comprehensive view of

the association between an animal’s traits and its

microbiota is still lacking. Themicrobiota of wild

animals is also a natural reservoir for pathogens

of both animals and humans, the mapping of

which could elucidate the timing and routes of

their transmission into thehumanpopulation, as

in the case of the current COVID-19 pandemic.

Finally, mapping the microbiota of wild animals

could also help in conservation efforts.

RESULTS: Our de novo constructed genomes,

75% of which belong to previously undescribed

bacterial species, significantly improve themap-

ping of metagenomic sequencing reads from our

animal samples. Notably, the rate at which new

genomes are discovered is far from asymptote.

We enriched many bacterial phyla with un-

known species and found that some bacterial

clades have distinctive functional properties

relative to other bacteria in the same phylum.

We found that the bacterial landscape differs

between animal classes and discovered animal

class–specific clusters of coexisting bacteria.

We identified multiple pathways and ortho-

logs that are significantly enriched in specific

animal traits and showed that the functional

landscape is associated with these traits. Some

of these functions suggest intriguing new roles

and properties of wildlife microbiomes. More-

over, we identified previously undescribed

proteases in the microbiota of carrion eaters

and show experimentally that they are capa-

ble of metabolizing bacterial toxins.

CONCLUSION:Overall, we present a large-scale

annotated bacterial genome database of pre-

dominantlyunknownspecies thatwere extracted

from the guts of animals in the wild, identified

a multitude of microbial patterns that are as-

sociated with the traits and taxonomy of these

animals, and highlight its potential as a largely

untapped resource for the discovery of new

industrial enzymes and therapeutics.▪
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A maximum likelihood alignment-based phylogenetic tree of the 1209 genomes assembled in this

study. The inner and outer colored rings denote bacterial phylum and host class, respectively. Clades of

previously undescribed genomes are colored dark red.
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NEURODEVELOPMENT

Female-specific synaptic dysfunction and cognitive
impairment in a mouse model of PCDH19 disorder
Naosuke Hoshina, Erin M. Johnson-Venkatesh, Miyuki Hoshina, Hisashi Umemori*

INTRODUCTION: Mutations of the X-linked

Protocadherin-19 (PCDH19) gene causePCDH19

disorder with epilepsy. PCDH19 disorder is

often associated with cognitive impairment

and intellectual disabilities. Typically, X-linked

disorders exhibit more severe phenotypes in

males because ofX-linked recessive inheritance.

By contrast, symptomsofPCDH19disorderman-

ifest in heterozygous females, whereas hemizy-

gous males are largely asymptomatic. Why this

unusual presentation occurs is not known.

PCDH19 encodes a single transmembrane pro-

tein that mediates cell-cell adhesion by homo-

philic binding through extracellular cadherin

domains. Amajority of PCDH19mutations found

in PCDH19 disorder alter sites in the extracel-

lular domain of the PCDH19 protein, suggest-

ing that the mutations may affect PCDH19

homophilic interactions and, as a result, cell-

cell adhesion. We examined the precise roles

of PCDH19 in the brain and the molecular,

synaptic, and circuit bases of female-specific

disease phenotypes.

RATIONALE: PCDH19 disordermanifests in het-

erozygous females but not inhemizygousmales.

Because heterozygous females have a mix-

ture of cells that express either the wild-type

(WT) or mutant form of PCDH19, due to ran-

dom X-inactivation, the mosaic expression

of PCDH19 is proposed to cause pathogenic

symptoms. To understand the roles of PCDH19

in the brain and the basis of female-specific

disease phenotypes, we generated an animal

model of PCDH19 disorder (Pcdh19 mutant

mice). Because PCDH19 protein is highly

expressed at hippocampalmossy fiber synapses,

we examined the role of PCDH19 inmossy fiber

synaptic development, function, and relevant

cognitive behaviors. We then investigated the

molecular bases of the female heterozygote–

specific defects in Pcdh19 mutant mice. For

this, we focused on the potential interaction

between PCDH19 and N-cadherin (Ncad),

another cell adhesion molecule localized at

synapses. PCDH19 has been proposed to form

a cis-complex with Ncad, which may mask

the homophilic binding ability of Ncad. If the

PCDH19 expression is mosaic (Pcdh19
HET♀

),

the PCDH19-Ncad cis-complex could notme-

diate intercellular signals between PCDH19-

positive and -negative cells. This PCDH19-Ncad

mismatchwould result in reduced downstream

intracellular signals and cellular defects. We

tested this possibility at mossy fiber synapses.

RESULTS: We found that Pcdh19
HET♀

but not

Pcdh19
HEMI♂

mice show defects in mossy fiber

presynaptic development, without changes in

mossy fiber targeting, dendritic spine develop-

ment, or postsynaptic development.Pcdh19
HET♀

but not Pcdh19
HEMI♂

mice show decreased

neurotransmitter release probability, impaired

mossy fiber long-term potentiation (LTP), and

deficits in mossy fiber–dependent cognitive

function (pattern completion and separation).

Furthermore, we found that PCDH19 appears

to interact with Ncad at mossy fiber synapses.

In Pcdh19
HET♀

conditions,mismatch between

PCDH19 and Ncad impairs Ncad-dependent

b-catenin signaling and mossy fiber presyn-

aptic development. Overexpression of Ncad in

Pcdh19
HET♀

mice restored not only b-catenin

clustering in the mossy fiber synapses but also

synaptic function, indicating that impaired

Ncad function underlies the phenotype ob-

served in Pcdh19
HET♀

mice in vivo.

CONCLUSION: Pcdh19
HET♀

andnotPcdh19
HEMI♂

mice show mossy fiber presynaptic dysfunc-

tion and cognitive impairments, mimicking the

female-specific manifestation of PCDH19 dis-

order. In Pcdh19
HET♀

mice, mismatched inter-

actions between two cell-adhesion molecules,

PCDH19 and Ncad, impair Ncad-dependent

signaling and, subsequently, presynaptic devel-

opment. Pcdh19
WT

and Pcdh19
HEMI♂

are spared

because they havematched PCDH19 or Ncad in-

teractions. This study not only uncovers distinc-

tive female-specific diseasemechanisms but also

suggests possible strategies to treat the disorder

on the basis of these molecular interactions.▪
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–

PCDH19-Ncad mismatch underlies female-specific PCDH19 disorder. At Pcdh19WT synapses, PCDH19-

Ncad cis-complex mediates trans-synaptic signaling through PCDH19 homophilic matching and organizes

presynaptic terminals. At Pcdh19HEMI♂ synapses, unmasked Ncad can mediate trans-synaptic signaling

through Ncad homophilic matching. However, at Pcdh19HET♀ synapses between PCDH19-positive and

PCDH19-negative neurons, PCDH19-Ncad cis-complex cannot trans-synaptically bind Ncad because of

mismatching, leading to impaired presynaptic development, LTP, and cognition.
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SARS-CoV-2 within-host diversity and transmission
Katrina A. Lythgoe†*, Matthew Hall†*, Luca Ferretti, Mariateresa de Cesare,

George MacIntyre-Cocket, Amy Trebes, Monique Andersson, Newton Otecko, Emma L. Wise,

Nathan Moore, Jessica Lynch, Stephen Kidd, Nicholas Cortes, Matilde Mori, Rebecca Williams,

Gabrielle Vernet, Anita Justice, Angie Green, Samuel M. Nicholls, M. Azim Ansari,

Lucie Abeler-Dörner, Catrin E. Moore, Timothy E. A. Peto, David W. Eyre, Robert Shaw,

Peter Simmonds, David Buck, John A. Todd on behalf of the Oxford Virus Sequencing

Analysis Group (OVSG)‡, Thomas R. Connor, Shirin Ashraf, Ana da Silva Filipe, James Shepherd,

Emma C. Thomson, The COVID-19 Genomics UK (COG-UK) Consortium§, David Bonsall,

Christophe Fraser, Tanya Golubchik*

INTRODUCTION: Genome sequencing at an un-

precedented scale during the severe acute

respiratory syndrome coronavirus 2 (SARS-

CoV-2) pandemic is helping to track spread

of the virus and to identify new variants. Most

of this work considers a single consensus se-

quence for each infected person. Here, we

looked beneath the consensus to analyze ge-

netic variationwithin viral populationsmaking

up an infection and studied the fate of within-

host mutations when an infection is trans-

mitted to anew individual.Within-hostdiversity

offers the means to help confirm direct trans-

mission and identify new variants of concern.

RATIONALE: We sequenced 1313 SARS-CoV-2

samples from the first wave of infection in the

United Kingdom. We characterized within-

host diversity and dynamics in the context of

transmission and ongoing viral evolution.

RESULTS: Within-host diversity can be de-

scribed by the number of intrahost single

nucleotide variants (iSNVs) occurring above

a givenminor allele frequency (MAF) thresh-

old. We found that in lower-viral-load sam-

ples, stochastic sampling effects resulted in a

higher variance in MAFs, leading to more

iSNVs being detected at any threshold. Based

on a subset of 27 pairs of high-viral-load repli-

cate RNA samples (>50,000 uniquely mapped

veSEQ reads, corresponding to a cycle thresh-

old of ~22), iSNVs with a minimum 3% MAF

were highly reproducible. Comparing samples

from two time points from 41 individuals,

taken on average 6 days apart (interquartile

ratio 2 to 10), we observed a dynamic process

of iSNV generation and loss. Comparing iSNVs

among 14 household contact pairs, we esti-

mated transmission bottleneck sizes of one to

eight viruses. Consensus differences between

individuals in the same household, where

sample depth allowed iSNV detection, were

explained by the presence of an iSNV at the

same site in the paired individual, consistent

with direct transmission leading to fixation.We

next focused on a set of 563 high-confidence

iSNV sites that were variant in at least one high-

viral-load sample (>50,000 uniquely mapped);

low-confidence iSNVs unlikely to represent

genomic diversity were excluded. Within-host

diversity was limited in high-viral-load sam-

ples (mean 1.4 iSNVs per sample). Two excep-

tions, each with >14 iSNVs, showed variant

frequencies consistent with coinfection or con-

tamination. Overall, we estimated that 1 to 2%

of samples in our datasetwere coinfected and/or

contaminated. Additionally, one sample was

coinfected with another coronavirus (OC43),

with no detectable impact on diversity. The

ratio of nonsynonymous to synonymous (dN/dS)

iSNVs was consistent with within-host purify-

ing selection when estimated across the whole

genome [dN/dS = 0.55, 95% confidence inter-

val (95% CI) = 0.49 to 0.61] and for the Spike

gene (dN/dS = 0.60, 95% CI = 0.45 to 0.82).

Nevertheless, we observed Spike variants in

multiple samples that have been shown to in-

crease viral infectivity (L5F) or resistance to

antibodies (G446V and A879V).We observed a

strong association between high-confidence

iSNVs and a consensus change on the phylog-

eny (153 cases), consistent with fixation after

transmission or de novo mutations reaching

consensus. Shared variants that never reached

consensus (261 cases) were not phylogenet-

ically associated.

CONCLUSION: Using robust methods to call

within-host variants, we uncovered a con-

sistent pattern of low within-host diversity,

purifying selection, and narrow transmis-

sion bottlenecks. Within-host emergence of

vaccine and therapeutic escape mutations is

likely to be relatively rare, at least during early

infection, when viral loads are high, but the

observation of immune-escape variants in high-

viral-load samples underlines the need for

continued vigilance.▪
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1. Initial infection by a

largely homogeneous

viral population

2. Minor variants

appear de novo

within host

6. Over time some variants

disappear, others appear,

others persist

3. The transmission

bottleneck is narrow, 

and most often

only the majority

variant will transmit

4. More rarely

the transmitted 

variant is a minority 

5. Or a mixed infection

is transmitted

Diagram showing low SARS-CoV-2 within-host genetic diversity and narrow transmission bottleneck.

Individuals with high viral load typically have few, if any, within-host variants. Narrow transmission bottlenecks

mean that the major variant in the source individual was typically transmitted and the minor variants lost.

Occasionally, the minor variant was transmitted, leading to a consensus change, or multiple variants were

transmitted, resulting in a mixed infection. Credit: FontAwesome, licensed under CC BY 4.0.
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An intercrypt subpopulation of goblet cells is
essential for colonic mucus barrier function
Elisabeth E. L. Nyström†, Beatriz Martinez-Abad†, Liisa Arike, George M. H. Birchenough, Eric B. Nonnecke,

Patricia A. Castillo, Frida Svensson, Charles L. Bevins, Gunnar C. Hansson, Malin E. V. Johansson*

INTRODUCTION: An intricate balance with our

intestinalmicrobes is pivotal to human health.

A key interface of host-microbial interactions

occurs in the mucus that covers the intestinal

epithelial surface. In the colon, the mucus

layer serves as a barrier that inhibits direct

epithelial contact with the dense population

of microbes. Defects in this system are a hall-

mark of colitis. The mucus layer is structurally

dependent on the polymeric mucin MUC2,

which is synthesized by goblet cells (GCs)—

specialized secretory cells classically viewed as

a homogeneous cell type. Studies identifying

divergent functional features in GC subpopu-

lations, including differential mucus biosynthesis

rates and responses to bacteria, suggest that

GC populations may in fact be heterogeneous.

RATIONALE: In the present study, we charac-

terized intestinal GC expression diversity and

defined how a specific GC subtype, localized in

the intercrypt surface epithelium, functionally

contributes to the formation of the mucus

barrier.

RESULTS: Using mCherry-MUC2 transgenic

mice to sort and isolate GCs, we generated

transcriptomic and proteomic profiles to

characterize the GC expression landscape in

both the small intestine and the colon. Single-

cell transcriptomic analysis revealed several

distinct GC clusters in each tissue region,

which segregated into two separate trajecto-

ries. One trajectory had enriched expression of

knownGC-specific genes (e.g., Clca1 and Fcgbp)

and was designated as canonical GCs. Conver-

sely, the other trajectory was enriched for the

expression of genes typically associated with

enterocytes (e.g., Dmbt1 and Gsdmc4), so we

designated this trajectory as noncanonical.

In the colon, themost differentiatedGCs are

the high–mucus turnover cells localized to

the surface epithelium between crypts, which

were designated as intercrypt GCs (icGCs).

These cells had expression profiles that were

distinct from those of crypt-resident GCs, so we

investigated their role in forming the mucus

barrier. We exploited the lectin-binding features

of mucus to resolve the three-dimensional or-

ganization of mucus in live tissue explants.

Results demonstrated that icGCs secreted

distinct mucus that filled the spatial regions

between mucus plumes secreted from crypt

openings.The intercryptmucuswas impenetrable

to bacteria-sized beads; however, it was more

penetrable to smallermolecules comparedwith

crypt plume mucus. Penetrable surface mucus

may be important for the absorption of ions

and other compounds, whereas denser mucus

within the crypt compartment contributes to

the shielding of the stem cell niche.

Bothmucus subtypes appear to be important

for the overall protective function of mucus,

because a barrier impenetrable to bacteria was

formed by the mixed, net-like organization of

intercrypt and crypt plume mucus. A mouse

modelwith dysfunctional icGCs lackingnormal

intercrypt mucus exhibited an inadequate

mucus barrier and was more susceptible to

both chemically induced and spontaneous

(age-dependent) colitis, which demonstrates

the indispensable role of icGCs in maintain-

ing a functional mucus barrier. Furthermore,

biopsies from patients with ulcerative colitis—

including those in remission—exhibited in-

creasedGC shedding and reduced icGCnumbers.

These characteristics were associated with

structural defects in themucus barrier, includ-

ing gaps in the intercrypt mucus that exposed

areas of the surface epithelium.

CONCLUSION: The current study identifies GCs

as a heterogeneous population of cells with

diverse functional features that indicate a dy-

namic cellular system. GCs at different loca-

tions along the crypt-surface axis contribute to

a functional mucus barrier that protects the

epithelium from microorganisms. The icGCs

possess a specific role in mucus organization,

where their malfunction is associated with

colitis in both mice and humans.▪
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Diversity of GC expression and function. Intestinal GCs can be divided into several distinct clusters that form canonical and noncanonical trajectories, and gene

expression profiles outline their topographical position. The specialized surface GC type—the icGCs—secrete mucus crucial for forming a protective barrier between

bacteria and the epithelium. Depletion of icGCs impairs mucus function, a phenomenon observed in ulcerative colitis (UC) patients.
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Neuropixels 2.0: A miniaturized high-density probe
for stable, long-term brain recordings
Nicholas A. Steinmetz*†, Cagatay Aydin†, Anna Lebedeva†, Michael Okun†, Marius Pachitariu†,

Marius Bauza, Maxime Beau, Jai Bhagat, Claudia Böhm, Martijn Broux, Susu Chen, Jennifer Colonell,

Richard J. Gardner, Bill Karsh, Fabian Kloosterman, Dimitar Kostadinov, Carolina Mora-Lopez,

John O’Callaghan, Junchol Park, Jan Putzeys, Britton Sauerbrei, Rik J. J. van Daal, Abraham Z. Vollan,

Shiwei Wang, Marleen Welkenhuysen, Zhiwen Ye, Joshua Dudman, Barundeb Dutta,

Adam W. Hantman, Kenneth D. Harris, Albert K. Lee, Edvard I. Moser, John O’Keefe, Alfonso Renart,

Karel Svoboda, Michael Häusser, Sebastian Haesler, Matteo Carandini*, Timothy D. Harris*

INTRODUCTION: Electrode arrays based on com-

plementary metal-oxide semiconductor silicon

fabrication technology, such as Neuropixels

probes, have enabled recordings of thou-

sands of individual neurons in the living brain.

These tools have led to discoveries about the

brain-wide correlates of perception and ac-

tion, primarily when used in acute, head-

fixed recordings. To study the dynamics of

neuronal processing across time scales, how-

ever, it is necessary to record from neurons

over weeks and months, ideally during un-

restrained behavior and in small animals,

such as mice.

RATIONALE: To this end, we designed a minia-

turized probe, called Neuropixels 2.0, with

5120 recording sites distributed over four shanks.

The probe and headstagewereminiaturized to

about one-third of the original size (i.e., the size

of theNeuropixels 1.0 probe), so that two probes

and their single headstage weigh only ~1.1 g,

without loss of channel count (384 channels per

probe). Using two four-shank probes provides

10,240 recording sites in one implant. To achieve

stable recordings despite brain movement, we

optimized the recording site arrangement. The

probe has a denser, linearized geometry that

allows for post hoc computational motion cor-

rection using a newly designed algorithm. This

algorithm, implemented in the Kilosort 2.5 soft-

ware package, determines themotion over time

from the spiking data and corrects it with spa-

tial resampling, as in image registration.

RESULTS: To validate these probes for long-

term recordings, we implanted them chron-

ically in 21 rats and mice in six laboratories.

Twenty of these 21 implants succeeded and

yielded neurons over weeks andmonths while

retaining good signal quality. The probes were

reliably recoverable using newly engineered

implant fixture designs.

To test the performance of the motion cor-

rectionalgorithm,weperformedrecordingswith

known imposed motion of the probe relative

to the brain. The algorithm improved the yield

of stable neurons and largely eliminated the

impact of motion on the recording.

A version of this algorithm allowed the re-

cording of neurons stably across days. We

assessed this by “fingerprinting” individual

chronically recorded neurons in the primary

visual cortex using their distinctive visual re-

sponses to a battery of images. Neuron tracking

was >90% successful for up to 2 weeks and

>80% successful for up to 2 months.

CONCLUSION: This work demonstrates a suite

of electrophysiological tools comprising amin-

iaturized high-density probe, recoverable

chronic implant fixtures, and algorithms for

automatic post hoc motion correction. These

tools enable an order-of-magnitude increase in

the number of sites that can be recorded in small

animals, such asmice, and the ability to record

from them stably over long time scales.▪
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Neuropixels 2.0 probes allow unprecedented recordings. (A) Comparison of the Neuropixels 1.0 and

2.0 device designs. The Neuropixels 2.0 device is miniaturized and has four shanks. Two probes can be

hosted per headstage. (B) Pattern of spiking activity across the cortex (Ctx), hippocampus (HC), and

thalamus (Th) recorded over >300 days. (C) Example spiking rasters from two Neuropixels 2.0 probes

chronically implanted in a mouse, showing spikes recorded on 6144 of the 10,240 sites available across the

two probes. Eight sequential recordings (different colors) were performed from 768 channels each.
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Realization of a multinode quantum network of
remote solid-state qubits
M. Pompili1,2†, S. L. N. Hermans1,2†, S. Baier1,2†‡, H. K. C. Beukers1,2, P. C. Humphreys1,2§,

R. N. Schouten1,2, R. F. L. Vermeulen1,2, M. J. Tiggelman1,2¶, L. dos Santos Martins1,2, B. Dirkse1,2,

S. Wehner1,2, R. Hanson1,2*

The distribution of entangled states across the nodes of a future quantum internet will unlock

fundamentally new technologies. Here, we report on the realization of a three-node entanglement-based

quantum network. We combine remote quantum nodes based on diamond communication qubits

into a scalable phase-stabilized architecture, supplemented with a robust memory qubit and local

quantum logic. In addition, we achieve real-time communication and feed-forward gate operations across

the network. We demonstrate two quantum network protocols without postselection: the distribution

of genuine multipartite entangled states across the three nodes and entanglement swapping through an

intermediary node. Our work establishes a key platform for exploring, testing, and developing multinode

quantum network protocols and a quantum network control stack.

F
uture quantum networks sharing entan-

glement across multiple nodes (1, 2) will

enable a range of applications such as

secure communication, distributed quan-

tum computing, enhanced sensing, and

fundamental tests of quantummechanics (3–8).

Efforts in the past decade have focused on

realizing the building blocks of such a net-

work: quantum nodes capable of establish-

ing remote entangled links as well as locally

storing, processing, and reading out quantum

information.

Entanglement generation through optical chan-

nels between a pair of individually controlled

qubits has been demonstrated with trapped

ions and atoms (9–12), diamond nitrogen-

vacancy (NV) centers (13, 14), and quantum

dots (15, 16). In addition, a number of quan-

tum network primitives have been explored

on these elementary two-node links, including

nonlocal quantum gates (17, 18) and entangle-

ment distillation (19). Moving these qubit plat-

forms beyond two-node experiments has so far

remained an outstanding challenge owing to

the combination of several demanding require-

ments. Multiple high-performance quantum

nodes are needed that include a communica-

tion qubit with an optical interface as well as

an efficient memory qubit for storage and

processing. Additionally, the individual en-

tanglement links need to be embedded into

a multinode quantum network, requiring a

scalable architecture andmultinode control

protocols.

Here, we report on the realization and in-

tegration of all elements of a multinode quan-

tumnetwork: opticallymediated entanglement

links connected through an extensible archi-

tecture, localmemory qubit and quantum logic,

and real-time heralding and feed-forward oper-

ations. We demonstrate the full operation of

the multinode network by running two key

quantum network protocols. First, we establish

Greenberger-Horne-Zeilinger (GHZ) entangled

states across the three nodes. Such distributed

genuine multipartite entangled states are a key

ingredient for many network applications (2)

such as anonymous transmission (20), secret

sharing (21), leader election (22), and clock

stabilization (8). Second, we perform entan-

glement swapping through an intermediary

node, which is the central protocol for entan-

glement routing on a quantum network en-

abling any-to-any connectivity (23, 24). Owing

to efficient coherence protection on all qubits,

combined with real-time feed-forward opera-

tions, these protocols are realized in a heralded

fashion, delivering the final states ready for

further use. This capability of heralding suc-

cessful completion of quantum protocols is

critical for scalability; its demonstration here

presents a key advance from earlier experi-

ments using photons (25) and quantummem-

ories (26).

Our network is composed of three spatially

separated quantum nodes (Fig. 1, A and B),

labeled Alice, Bob, and Charlie. Each node

consists of an NV center electronic spin as a

communication qubit. In addition, the mid-

dle node Bob uses a carbon-13 nuclear spin

as a memory qubit. Initialization and single-

shot readout of the communication qubits

are performed through resonant optical exci-

tation and measurement of state-dependent
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Fig. 1. The three-node quantum network. (A) Layout of the network. Three nodes, labeled Alice, Bob,

and Charlie, are located in two separate labs. Each node contains an NV center communication qubit (purple).

At Bob, an additional nuclear spin qubit (orange) is used in the presented experiments. Fiber connections

between the nodes (lengths indicated) enable remote entanglement generation on the links Alice-Bob and

Bob-Charlie, which, combined with local quantum logic, allow for entanglement to be shared between all nodes

(wiggly lines). (B) On the left is a simplified schematic of the optical setup at each node [see fig. S1, table S1,

and (27) for additional details]. On the right is a diagram of the relevant levels of the electronic spin qubit,

showing optical transitions for remote entanglement generation and readout (“entangling”), qubit reset

(“reset”), and resonant microwaves (“MW”) for qubit control (see figs. S2 and S3 for additional details).

The memory qubit at Bob is initialized, controlled, and read out via the electronic qubit (fig. S4). Optical transition

frequencies are tuned via the dc bias voltages (VDC). l/2 (l/4) is a half-waveplate (quarter-waveplate); Ex/y and

E1/2 are electronic excited states. (C) Tuning of the optical “entangling” transition at each of the three nodes.

The solid line is the working point, 470.45555 THz; the dashed line is a guide to the eye. w.r.t., with respect to.



fluorescence (14). Universal quantum logic on

the electronic-nuclear register is achieved

through tailored microwave pulses delivered

on chip (27). The nodes are connected through

an optical fiber network for the quantum sig-

nals, as well as classical communication chan-

nels for synchronizing the control operations

and relaying heralding signals (see below).

Remote entanglement generation hinges on

indistinguishability between emitted photons.

For NV centers in high-purity low-strain dia-

monddevices, the optical transition frequencies

show relatively minor variations (few GHz).We

remove the remaining offsets by using dc Stark

tuning at each node with bias fields generated

on chip (Fig. 1C). We are thus able to bring the

relevant optical transitions of all three nodes to

the same frequency, which we choose to be

the zero-bias frequency of Bob.

Establishing remote entanglement in a

network architecture

To generate remote entanglement between

a pair of nodes (i.e., one elementary link), a

single-photon protocol is used (28, 29) (Fig. 2A).

The communication qubits of the nodes are

each prepared in a superposition state jai ¼
ffiffiffi

a
p j0i þ

ffiffiffiffiffiffiffiffiffiffiffi

1� a
p

j1i. At each node, pulsed op-

tical excitation, which is resonant only for the

j0i state, and subsequent photon emission

deterministically create an entangled state

between the communication qubit and the

presence-absence of a photon (the flying

qubit). The photonicmodes from the twonodes

are then interfered on a beam splitter, removing

the which-path information. The beam splitter

closes an effective interferometer formed by

the optical excitation and collection paths. De-

tection of a single photon after the beam split-

ter heralds the state jyTi ≈ ðj01i T eiDqj10iÞ=
ffiffiffi

2
p

between the two communication qubits, where

the ± sign depends on which of the two de-

tectors clicked and Dq is the optical phase

difference between the two arms of the effec-

tive interferometer (27). Experimentally, this

phase difference is set to a known value by

stabilizing the full optical path using a feed-

back loop (14, 16). This scheme yields states at

maximum fidelity 1 − a at a rate ≈2apdet , with

pdet the probability that an emitted photon is

detected.

Scaling this entangling scheme to multiple

nodes requires each elementary link to be

phase-stabilized independently (Fig. 2B), posing

anumber of new challenges. The different links,

and even different segments of the same link,

will generally be subject to diverse noise levels

and spectra. Additionally, the optical power

levels used are vastly different, from micro-

watts for the excitation path to attowatts for

the single-photon heralding station, requir-

ing different detector technologies for optimal

signal detection. We solve these challenges

with a hybrid phase-stabilization scheme that

is scalable to an arbitrary number of nodes.

We decompose the effective interferometer for

each link into three independently address-

able interferometers and stabilize each sep-

arately (see Fig. 2C for the Alice-Bob link; the

link Bob-Charlie is phase-stabilized in an anal-

ogous and symmetric way; see figs. S5 to S8).

First, each node has its own local stabiliza-

tion that uses unbalanced heterodyne phase

detection (Fig. 2C, left). In comparison to the

previous homodyne stabilization method (14),

this enables us to obtain a higher bandwidth

phase signal from the small part of the exci-

tation light that is reflected from the diamond

surface (≈1%) by boosting it with a strong

reference-light beam at a known frequency

offset. Moreover, this scheme allows for opti-

mal rejection of the reflected excitation light

by polarization selection, thus preventing

excitation light from entering the single-

photon path toward the heralding detectors

and creating false entanglement heralding

events. The measured phase signals are fed

back on piezoelectric-mounted mirrors to

stabilize the local interferometers.

Second, the global part of the effective in-

terferometer (Fig. 2C, right) is stabilized by

single-photon-level homodyne phase detec-

tionwith feedback on a fiber stretcher: A small

fraction of the strong reference-light beam is
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directed into the single-photon path, and the

interference is measured using the same de-

tectors used for entanglement generation.

This architecture provides scalability in the

number of nodes and a higher feedback band-

width compared with our previous implemen-

tation on a single link [fig. S9; see (27) for

details]. In our current implementation, the

central node—Bob—has combining optics to

merge the signals coming from Alice and

Charlie, so that the single-photon detectors

can be shared by the two links.

Crucially, this architecture enables the suc-

cessive generation of entanglement on the

two elementary links as required for network

protocols exploiting multinode entanglement.

We benchmark its performance by running

entanglement generation on both elementary

links within a single experimental sequence

(Fig. 2D). We achieve fidelities of the entan-

gled Bell states exceeding 0.8 for both links

(Fig. 2E), on par with the highest fidelity re-

ported for this protocol for a single link (14).

For the same fidelity, the entangling rates

are slightly higher than in (14) (9 and 7 Hz for

links Alice-Bob and Bob-Charlie, respectively),

despite the additional channel loss from con-

necting the two links. The main sources of

infidelity are the probability a that both nodes

emit a photon, remaining optical phase uncer-

tainty, and double excitation during the optical

pulse [see table S2 and (27)]. A detailed physical

model that includes known error sources is

used here and below for comparison to the ex-

perimental data (27); predictions by the model

are indicated by the gray bars in the correlation

and fidelity plots.

Memory qubit performance and real-time

feed-forward operations

To distribute entangled states across multiple

nodes, generated entangled states must be

stored in additional qubits while new entan-

glement links are created. Carbon-13 nuclear

spins are excellent candidates for suchmemory

qubits, thanks to their long coherence times,

controllability, and isolation from the control

drives on the electronic qubit (30). Recentwork

(31) indicated that their storage fidelity under

network activity is mainly limited by dephas-

ing errors resulting from the coupling to the

electronic spin that is randomized on failed

entanglement generation. It was suggested

that thememory robustness to such errorsmay

be further improved by operating under an

increased appliedmagnetic field. Here, we use

amagnetic field of 189mT for our central node,

as opposed to ~40mTused in past experiments

(19, 31).

This higher field puts much stricter de-

mands on the relative field stability in order to

not affect the qubit frequencies; we achieve an

order of magnitude reduction in field fluctua-

tions by actively stabilizing the temperature of

the sample holder, which in turn stabilizes the

permanent magnet inside the cryostat (27).

Additionally, the higher magnetic field splits

the two optical transitions used for electronic

spin initialization, hindering fast qubit resets;

the addition of a second initialization laser,

frequency locked to the first one with an offset

of 480 MHz, enables us to maintain high-

fidelity (>0.99) and fast (few microsecond)

resets (27).

We measure the fidelity of stored states on

Bob’s memory qubit for a varying number of

entanglement generation attempts (Fig. 3).

The two eigenstates (±Z) do not show appre-

ciable decay as we increase the number of en-

tanglement generation attempts, as expected

from the pure dephasing nature of the process

(31). The superposition states degrade with

an average decay constant of N1/e ≈ 1800

attempts. To gain insight into the contribu-

tion of network activity to this decay, we

repeat these measurements in the absence of

entanglement attempts, in which case dephas-

ing of the memory qubit is mainly due to

uncontrolled interactions with nearby nuclear

spins. We find this intrinsic dephasing time to

be T2* = 11.6(2) ms, equivalent to the duration

of ≈2000 entanglement generation attempts.

We conclude that the intrinsic dephasing ac-

counts for most of the decay observed under

network activity, indicating the desired robust-

ness. For the experiments discussed below, we

use a timeout of 450 attempts before the se-

quence is restarted, as a balance between op-

timizing entanglement generation rate and

fidelity of the stored state.

Executing protocols over quantumnetworks

requires real-time feed-forward operations

among the various nodes: Measurement out-

comes at the heralding station or at nodes

need to be translated into quantum gates on

other nodes. We implement an asynchronous

bidirectional serial communication schemebe-

tween microcontrollers at the nodes, enabling

both the required timing synchronization of

the nodes and the exchange of feed-forward

information for the quantumnetworkprotocols

(27). Furthermore,we integrate the feed-forward

operations with local dynamical decoupling

protocols that actively protect the communi-

cation qubits from decoherence. The resulting

methods enable us to runmultinode protocols

in a heralded fashion: “Flag” signals indicate

in real time the successful execution of (sub)

protocols and generation of desired states that

are then available for further use, thus critically

enhancing the efficiency and removing the

need for any postselection.

Demonstration of multinode network protocols

We now turn to the full operation of the three-

node network that combines the different

elements discussed above. We perform two

canonical network protocols: the distribution

of genuine multipartite entanglement and

entanglement swapping to two non–nearest-

neighbor nodes.

In both protocols, the sequence depicted in

Fig. 4A is used to establish a remote entangled

state on each of the two links. This sequence

starts with a preparation step (depicted only in

fig. S10) that synchronizes the microcontrol-

lers of the nodes and makes sure that the NV

centers in each node are in the desired charge

state and in resonance with all the relevant

lasers. After initialization of the memory qubit,

the first entangled state is prepared on the link

Alice-Bob.We interleave blocks of entanglement

generation attempts with phase-stabilization

cycles.OnceAlice-Bob entanglement is heralded,

Alice’s entangled qubit is subject to a dynam-

ical decoupling sequence while awaiting fur-

ther communication from the other nodes. At

Bob, deterministic quantum logic is used to

swap the other half of the entangled state to

the memory qubit.

The second part of the phase stabilization is

then executed, followed by the generation of

remote entanglement between the communi-

cation qubits of Bob and Charlie. In case of a

timeout (no success within the preset num-

ber of attempts), the full protocol is restarted.

In case of success, a dynamical decoupling se-

quence is started on Charlie’s communication

qubit analogous to the protocol on Alice. At

Bob, a Z-rotation is applied to the memory

SCIENCE sciencemag.org 16 APRIL 2021 • VOL 372 ISSUE 6539 261

B

B

B Prepare

2 4 6 8 10

Time since state preparation (ms)

0 500 1000 1500 2000
Number of entanglement attempts

0.0

0.2

0.4

0.6

0.8

1.0

B
lo

c
h

 v
e

c
to

r 
le

n
g

th

With ent. gen.

Without ent. gen.

X/Y

Z

Fig. 3. Memory qubit coherence under network

activity. (Top) Circuit diagram displaying the

experimental sequence, where n is the number

of entanglement attempts. (Bottom) Blue repre-

sents the measured Bloch vector length of memory

qubit eigenstates (triangles) and superposition

states (circles) versus entanglement attempts, for

a = 0.05. Orange represents measured superposition

decay versus time in the absence of entanglement

attempts. Solid lines are fits, yielding decay constants

of N1/e = 1843 ± 32 (2042 ± 36) with (without)

entanglement generation attempts [see table S3 and

(27) for additional details].

RESEARCH | RESEARCH ARTICLES



qubit to compensate for the acquired phase

that depends linearly on the (a priori un-

known) number of entanglement attempts.

This gate is implemented through an XY4

decoupling sequence on the communication

qubit, with a length set in real time by the

microcontroller based onwhich entanglement

attempt was successful (27). After this step, the

two links each share an entangled state ready

for further processing: one between the com-

munication qubit at Alice and the memory

qubit at Bob and one between the communi-

cation qubits of Bob and Charlie.

The first protocol we perform is the gener-

ation of a multipartite entangled GHZ state

across the three nodes. The circuit diagram

describing our protocol is depicted in Fig. 4B.

We first entangle the two qubits at Bob, fol-

lowed by measurement of the communication

qubit in a suitably chosen basis. The remain-

ing three qubits are thereby projected into one

of four possible GHZ-like states, which are all

equivalent up to a basis rotation. The specific

basis rotation depends both on the measure-

ment outcome at Bob and on which Bell states

(jYþi or jY�i) were generated in the first part

of the sequence, which in turn depends on

which two photon detectors heralded the re-

mote entangled states. These outcomes are

communicated and processed in real time and

the corresponding feed-forward operations are

applied at Charlie. As a result, the protocol is

able to achieve delivery of the same GHZ state

jGHZiABC ¼ ðj000i þ j111iÞ=
ffiffiffi

2
p

, irrespective

of the intermediate outcomes. Here, we choose

to herald only on Bob reporting the j0i readout

outcome, because the asymmetry in the com-

munication qubit readout fidelities renders

this outcome more faithful (27). Additionally,

this choice automatically filters out events in

which theNV center of Bobwas in the incorrect

charge state or off resonance [occurrence≈ 10%

in this experiment; see (27)]. With this herald-

ing choice, the protocol delivers GHZ states at a

rate of about 1/(90 s).

We extract the fidelity to the ideal GHZ

state from correlation measurements by using

F ¼ ð1þ hIZZi þ hZIZi þ hZZIi þ hXXXi�
hXYY i � hYXY i � hYYXiÞ=8 and find F =

0.538(18) (Fig. 4C). The state fidelity above 0.5

certifies the presence of genuine multipar-

tite entanglement distributed across the three

nodes (32).

In this experiment, the fidelities of the en-

tangled states on the elementary links bound

the fidelity of the heralded GHZ state to about

0.66. Other relevant error sources are the dephas-

ing of the memory qubit and accumulation

of small quantum gate errors (see table S4).

We emphasize that, contrary to earlier dem-

onstrations of distributed GHZ states with

photonic qubits (25) and ensemble-basedmem-

ories (26) that relied on postselection, we

achieve heralded GHZ state generation: A real-

time heralding signal indicates the reliable

delivery of the states.

The second protocol, illustrated in Fig. 5A,

demonstrates entanglement swapping of the

two direct links into an entangled state of the

outer two nodes. Once entanglement is estab-

lished on the two links as described above, the

central part of the entanglement swapping is

executed: Bob, the central node, performs a

Bell state measurement (BSM) on its two

qubits. One way to read this protocol is that

the BSM induces teleportation of the state

stored on Bob’s memory qubit to Charlie, by

consuming the entangled state shared by Bob’s

communication qubit and Charlie. Because the

state teleported to Charlie was Bob’s share of

an entangled state with Alice, the teleporta-

tion establishes direct entanglement between

Alice and Charlie.

After the BSM is completed, we perform a

charge and resonance (CR) check on Bob to

prevent heralding on events in which the NV

center of Bob was in the incorrect charge state

or off resonance. We note that this CR check

was not used in the heralding procedure of the

GHZ generation protocol because its current

implementation induces decoherence on Bob’s

memory qubit, which is part of the final GHZ

state to be delivered. To complete the entan-

glement swapping, feed-forward operations are

performed at Charlie to account in real time for

the different measurement outcomes, analo-

gous to the previous protocol, resulting in the

delivery of the Bell state jFþiAC ¼ ðj00i þ
j11iÞ=

ffiffiffi

2
p

.

We assess the performance of the entangle-

ment swapping by measuring three two-node

correlators on the generated Bell state shared

by Alice and Charlie. Because the BSM is per-

formed with local quantum logic and single-

shot readout, it is (except for the CR check

step) a deterministic operation. However, given

the asymmetry in the readout errors as dis-

cussed above, the fidelity of the final state will
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depend on the readout outcomes. Figure 5B

shows the results of the correlationmeasure-

ments on the delivered state for heralding on

Bob obtaining twice the outcome j0i, yield-
ing a state fidelity of F = 0.587(28). Figure 5C

compares the state fidelities across the differ-

ent BSM outcomes, displaying the expected

lower fidelities for outcomes of j1i and an av-

erage fidelity over all outcomes of F = 0.551(13).

The combined heralding rate is 1/(40 s). The

sources of infidelity are similar to the ones

discussed above (see table S5). This exper-

iment constitutes the first demonstration

of entanglement swapping from previously

stored remote entangled states, enabled by

the network’s ability to asynchronously estab-

lish heralded elementary entanglement links,

to store these entangled states, and then to

efficiently consume them to teleport entangle-

ment to distant nodes.

Conclusion and outlook

We have demonstrated the realization of a

multinode quantum network. We achieved

multipartite entanglement distribution across

the three nodes and any-to-any connectivity

through entanglement swapping. It is note-

worthy that the data acquisition for the net-

work protocols has been performed fully

remotely because of the COVID-19 pandemic,

highlighting the versatility and stability of our

architecture. Near-term advances in the capa-

bilities and performance of the network will

be driven by further reducing the infidelities

of the elementary links (27), by adding new

subprotocols such as control methods (30),

decoupling sequences (31), and repetitive

readout (33) for the nuclear spin qubits; by

improved photonic interfaces to enhance the

entangling rates (34–36); and by improved

control over the charge state of the NV cen-

ter (37).

Our results open the door to exploring ad-

vanced multinode protocols and larger entan-

gled states, for instance, by extending the local

registers at the nodes. We note that a fully

controlled 10-qubit register has recently been

demonstrated on a similar device (30). Fur-

thermore, the network provides a powerful

platform for developing and testing higher-

level quantum network control layers (38–40),

such as the recently proposed link layer pro-

tocol for quantum networks (41). Quantum

frequency conversion of the NV photons (42)

can be used to interface the network nodes

with deployed telecom fiber, paving the way

to near-term quantum network tests over

metropolitan distances. Finally, we expect the

methods developed here to provide guidance

for similar platforms reaching the same level

of maturity in the future (43–46).
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Nematicity and competing orders in superconducting
magic-angle graphene
Yuan Cao1*, Daniel Rodan-Legrain1, Jeong Min Park1, Noah F. Q. Yuan1, Kenji Watanabe2,

Takashi Taniguchi3, Rafael M. Fernandes4, Liang Fu1, Pablo Jarillo-Herrero1*

Strongly interacting electrons in solid-state systems often display multiple broken symmetries in the

ground state. The interplay between different order parameters can give rise to a rich phase diagram.

We report on the identification of intertwined phases with broken rotational symmetry in magic-angle

twisted bilayer graphene (TBG). Using transverse resistance measurements, we find a strongly

anisotropic phase located in a “wedge” above the underdoped region of the superconducting dome.

Upon its crossing with the superconducting dome, a reduction of the critical temperature is observed.

Furthermore, the superconducting state exhibits an anisotropic response to a direction-dependent

in-plane magnetic field, revealing nematic ordering across the entire superconducting dome. These

results indicate that nematic fluctuations might play an important role in the low-temperature

phases of magic-angle TBG.

S
pontaneous symmetry breaking is a

ubiquitous process that occurs at all

length scales in nature (1). In a solid-

state system, besides time-reversal and

gauge symmetries, there are certain dis-

crete symmetries imposed by the underlying

crystal lattice. However, these symmetries can

be spontaneously broken when many-body

electron-electron interactions in the system

are appreciable. Understanding these broken-

symmetry states is fundamental to elucidating

the various phases in these many-body systems

(2, 3). One example is the electronic nematic

phase, in which the discrete rotational sym-

metry of the lattice is spontaneously broken

owing to electron correlations, although lattice

translational and time-reversal symmetries

are preserved (4, 5). The resulting anisotropy

of the system is in turn manifested in the

properties involving spin, charge, and lattice

degrees of freedom, which can be measured

by scattering, transport, and scanning probe

experiments (6–11).

When a correlated system has multiple

broken-symmetry phases, their relationship

often goes beyondmere competition, giving rise

to a complex phase diagram of intertwined

phases (3, 12–17). An example of intertwined or-

der is a nematic superconducting state, which

simultaneously breaks lattice rotational and

gauge symmetries. Nematic superconducting

states have been reported in certain iron pnic-

tides and in dopedBi2Se3, as revealed by thermal,

magnetic, and transport measurements (18–24),

although their microscopic origin is still unclear.

The recent discovery of correlated insulator

and superconducting behaviors (25, 26) in

two-dimensional (2D) graphene superlattices

brings the possibility of studying correlated

superconducting materials with unmatched

tunability and richness. Twisted 2D materials

exhibit long-rangemoiré patterns in real space

that can be tuned by the twist angle (Fig. 1A).

In twisted bilayer graphene (TBG) near the

first magic-angle q ≈ 1.1°, the interlayer hy-

bridization results in nearly flat bands at low

energies, in which the electrons are localized

in real space (Fig. 1A) (27–29). Near half-filling

of the nearly flat bands, emergent correlated

insulator behavior, and superconductivity have

been demonstrated (25, 26, 30). In this work,

we study the interplay between the supercon-

ducting phase and other many-body phases in

magic-angle TBG. Compared to conventional

materials, a major advantage of magic-angle

TBG is that the band filling can be continu-

ously tuned by electrostatic gating instead of

chemical doping, so that different phases can

be accessed in a single device.

Characterization of magic-angle graphene

Using the previously developed “tear and stack”

dry-transfer technique (31, 32), we fabricate

high-quality encapsulated TBG devices with

twist angles around the first magic angle q ≈

1.1° [see (33) Landau fan diagram]. The main

two devices we report about are devices A

and B, with twist angles of q = 1.09° and q =

1.08°, respectively. We also studied a third de-

vice C with q = 1.07° [shown in (33)], which

exhibits very similar behaviors. The low-energy

bands in TBG are fourfold degenerate (owing

to spin and valley degrees of freedom) and can

support an electron density of ns = 4/A, where

A is the area of a moiré unit cell. This density

corresponds to filling four electrons or holes

per moiré unit cell. Near the first magic angle,

correlated states can form at integer electron

fillings of themoiré superlattice—i.e. when n =

±ns/4, ±ns/2, ±3ns/4—where electronic inter-

actions are believed to become comparable to

the bandwidth of the nearly flat bands. In the

resistivity measurements of device A [shown

in Fig. 1B], we indeed find an enhancement of

the resistivity rxx at all these integer fillings. A

superconducting dome is recognizable upon

hole-doping of the -ns/2 insulating state, at

temperatures below 2.5 K. Figure 1C shows the

rxx(T ) curves of device A and device B at their

optimal doping levels (highest Tc), where T is

the sample temperature. Both devices exhibit

a Tc in the range of 2.5 to 3 K (at 50% normal

resistance), which is among the highest in our

MATBG devices (Fig. 1E). Figure 1D shows

the evolution of the Vxx-Ibias curves with tem-

perature. From the log-log plot shown in the

inset, we can extract the Berezinskii-Kosterlitz-

Thouless (BKT) transition temperature to be

TBKT ≈ 2.2 K. Devices A and B have some of

the highest transition temperatures among

all reported magic-angle TBG devices so far

(table S1 and fig. S4), as evident from the Tc

statistics shown in Fig. 1E, as well as devices

reported in the literature (26, 30, 34).
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Anisotropic behavior in the normal phase

Figure 2, A and B, show the resistivity versus

gate-induced density, n, and temperature, T,

maps of devices A and B, respectively, in the

vicinity of −ns/2. In both devices, the −ns/2 re-

gion of the phase diagram has a rather compli-

cated structure. There are two resistive features

in the normal state: one “wedge”-like feature

above the superconducting dome (near −1.5 ×

10
12
cm

−2
for device A and −1.4 × 10

12
cm

−2
for

device B) that bends at increased tempera-

tures, and one resistive feature on the right-

hand side of the dome (near −1.3 × 10
12
cm

−2

for both devices). Whereas the latter feature

corresponds to the −ns/2 state, similar to the

correlated states previously reported inmagic-

angle TBG (25, 26, 30, 34), the wedge-like fea-

ture creates a noticeable “kink” (i.e., decrease

in Tc) where it approaches the superconducting

dome. To further probe the resistive wedge-

like feature, we apply a small perpendicular

magnetic field to fully suppress supercon-

ductivity (Fig. 2, C and D). Line cuts of the

resistivity versus temperature at the densities

corresponding to the “kinks” of Tc are com-

pared in Fig. 2, E and F for the two devices.

When superconductivity is suppressed, the

resistive wedge-like feature turns insulating

upon approaching zero temperature. A small

magnetic field thus results in a superconductor-

to-insulator transition at this density. In Fig.

2G, we show the gradual suppression of Tc by

the perpendicular magnetic field from zero

to 150 mT in device A. Above about 90 mT,

the superconducting dome splits atn≈−1.54 ×

10
12
cm

−2
into two domes. This density approx-

imately coincides with the density at which

the wedge-like feature extrapolates to zero tem-

perature. The separated domes are centered at

around −1.52 × 10
12
cm

−2
and −1.67 × 10

12
cm

−2
,

respectively. The position of the splitting point

corresponds to 15 ± 5%hole dopingwith respect

to the correlated insulator state. These findings

are reminiscent of the behavior in certain under-

doped cuprates near 1/8 doping (3, 15, 16, 35).

To gainmore insight into the possible origin

of the resistive wedge-like feature, wemeasure

the transverse voltage across the sample at

zeromagnetic field, which gives the transverse

resistance Rxy = Vy/Ix (36, 37). In an aniso-

tropic conductor in two dimensions, the 2-by-2

resistivity tensor has two diagonal components

r = diag{r1, r2}. If the major axis of the an-

isotropy (usually one of the crystal axis) is not

aligned with the reference frame of the tensor,

the off-diagonal terms of the resistivity tensor

are proportional to (r1 − r2)sin(2q), where q is

the angle between the anisotropy axis and the

reference x axis [see (33) for derivation]. As a

result, when an electrical current Ix flows in the

x direction, a transverse voltage Vy appears

across the edges perpendicular to the y axis,

giving a nonvanishing Rxy = Vy/Ixº (r1 − r2)

sin(2q), as long as sin(2q) ≠ 0 and r1 ≠ r2. The

first condition is assumed to be true in our

experiment because the lattice orientation is

random with respect to the sample edge. Con-

sequently, a nonvanishing transverse resist-

ance in our experiment implies anisotropic

resistivity, r1 ≠ r2, and therefore the breaking

of the sixfold rotational symmetry of TBG. This

transverse voltage is fundamentally different
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Fig. 1. Characterization and statistics of magic-angle twisted bilayer

graphene (TBG) devices. (A) Illustration of the moiré pattern in magic-angle

TBG. The color scale shows the normalized local density in the flat bands when

the twist angle is close to the magic angle. The twist angle of the displayed

pattern is exaggerated for clarity. (B) Resistivity of device A (twist angle

q = 1.09°) versus gate-induced carrier density and temperature, showing

correlated features at all integer electron fillings of the superlattice.

Superconductivity is found at hole doping of the −ns/2 insulator with critical

temperature ~2.5 K. (C) Resistivity versus temperature for devices A and B, with

twist angles q = 1.09° and q = 1.08°, respectively, at their optimal doping

concentrations. Inset: Forward and backward sweeps of the Vxx-Ibias curves in

device B, which exhibit a considerable hysteresis. (D) Temperature dependence

of the Vxx-Ibias curves measured in device B. Inset: Log-log plot of the I > 0

part of the data. The Berezinskii-Kosterlitz-Thouless transition temperature

TBKT ≈ 2.2 K is identified where the slope of the curve crosses d(log Vxx)/

d(log Ibias) = 3 (equivalent to Vxx º Ibias
3). (E) Statistics of optimal doping Tc in

14 of the magic-angle TBG devices that we have measured. We find that Tc
peaks around 1.1°, the theoretically predicted first magic-angle in TBG. The

green data points are from devices exhibiting substantial disorder, hence the

large error bars in the twist angle determination. This disorder may be

responsible for the relatively low Tc. The orange and purple bars denote the

range of twist angles where we have observed anisotropic normal-state

and nematic superconductivity, respectively. The latter has been seen in all

the devices where it was investigated (see table S1), spanning from q = 0.95°

to q = 1.16°. The error bar in temperature represents Tc determined from 10

and 90% of normal resistance, respectively (33).
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Fig. 2. Competing phases near the superconducting domes of magic-angle

TBG. (A and B) Resistivity versus gate-induced carrier density and temperature

for device A and device B, respectively. (C and D) Same measurement but

in a perpendicular magnetic field of 0.5 T. (E and F) Line cuts of resistivity versus

temperature for devices A and B at 0 and 0.5 T at the densities indicated by

the dashed lines in (A) to (D), showing a superconductor-to-insulator transition

induced by the magnetic field. In both devices, we find a wedge-like feature

above the superconducting dome in addition to the −ns/2 correlated state. The

gray circles in (A) to (D) indicate the resistivity maxima associated with the

wedge-like feature at different temperatures. (G) Evolution of Tc of device A in a

perpendicular magnetic field up to 0.15 T. Each contour line is Tc (10% normal

resistance) versus carrier density at the magnetic field indicated by the color

shading. Contour lines for four values of the magnetic field are highlighted

in contrasting colors. The yellow band represents the approximate position of

the wedge-like feature. At B⊥ = 0.09 T (light blue curve), the Tc kink touches zero

at the same density where the wedge-like feature extrapolates to zero
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Fig. 3. Normal-state anisotropy in magic-angle TBG device A. (A) Inset

shows the device configuration that we used to measure the transverse

resistance, with black arrows indicating current source and drain. Rxx, Rxy label

the leads on which longitudinal and transverse resistances are measured,

respectively. The purple trace, Rxy
cr, is the transverse resistance corrected for

leads misalignment (33). n = −1.53 × 1012 cm−2 in this measurement.

(B and C) Anisotropy ratio versus carrier density and temperature at zero

magnetic field and B⊥ = 0.5 T, respectively (33). The circles in (B) and the

dashed line in (C) outline the approximate shape of the superconducting dome

(at zero field). We find the strongest anisotropy near the kink in Tc at n = −1.54 ×

1012 cm−2, coinciding with the resistive wedge-like feature we identified in

Fig. 2, A and G.
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from the Hall effect considering that time-

reversal symmetry is not broken. To quanti-

tatively analyze the transverse voltage, it is

necessary to remove any residual longitudinal

component that might appear in the trans-

verse voltage owing to imperfect alignment of

the four-probe voltage contacts and/or sample

inhomogeneity (33, 36). Figure 3A shows the

raw Rxx and Rxy measured for device A near

the wedge-like feature, as shown in Fig. 2A.

At high temperatures (40 K), where the an-

isotropies associated with electron correla-

tion effects are presumably overwhelmed by

thermal fluctuations, both Rxx and Rxy are

linear in T and proportional to each other:

Rxy ≈ −0.05Rxx (36). To correct for this back-

ground signal that is likely a result of the

imperfect voltage probe alignment, we sub-

tract this Rxx component from Rxy so that at

the highest temperature of 40 K, the net signal

is zero. This corrected transverse voltage Rxy
cr
=

Rxy−a(n)Rxx,wherea(n) is adensity-dependent

numerical factor typically within ±0.1, con-

stitutes an accurate measure of the resistivity

anisotropy (purple curve in Fig. 3A). Whereas

no signal is present at higher temperatures,

below 6 K there is a pronounced negative peak

in Rxy
cr
, which indicates the onset of anisotropy

at this temperature.

The gate and temperature dependence of

the anisotropy, shown in Fig. 3, B and C, for

zero magnetic field and B⊥ = 0.5 T (33), clearly

reveals a prominent anisotropy wedge as well.

The transverse voltage measured at B⊥ = 0.5 T

is symmetrized with data measured at B⊥ =

−0.5 T to remove the contribution from the

Hall voltage. Here we plot the normalized quan-

tity Rxy
cr
/Rxx, which is approximately propor-

tional to the anisotropy ratio (r1 − r2)/(r1 + r2)

(33). We also mark out the superconducting

dome in Fig. 3, B and C. Immediately above the

superconducting dome on the “underdoped”

side (lower |n|), we find a strong transverse

voltage signal with a sign change at around

−1.59 × 10
12

cm
−2

(see fig. S2 for the entire

range of density). The position of the anisot-

ropy wedge matches well that of the resistive

wedge-like feature that we observed in Fig. 2A.

The sign change indicates that the anisotropy

changes from r1 > r2 to r1 < r2 (or vice versa).

In B⊥ = 0.5 T (Fig. 3C), the anisotropy wedge

with negative values of Rxy
cr
persists to zero

temperature, consistent with the behavior

of the resistive wedge-like feature in Fig. 2B.

However, we notice that the anisotropy with

positive Rxy
cr
near −1.65 × 10

12
cm

−2
disappears

as superconductivity is suppressed by the mag-

netic field, which might be explained by the

vestigial order from the nematic superconduc-

tivity that will be discussed in the next section.
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Fig. 4. Evidence for nematic superconductivity in magic-angle TBG.

(A) Schematic of the Hall bar device. The in-plane field angle qB is defined with

respect to the source-drain direction (x axis). (B) Resistivity as a function of qB
for different magnitudes of the in-plane magnetic field, showing a clear two-fold

anisotropy. Measurement is taken at n = −1.18 × 1012 cm−2 and T = 70 mK in

device B. (C) Detailed view of the superconducting domes in device B, showing a

large and a small superconducting dome on the p-side and n-side of the

insulating state. (D) Critical in-plane magnetic field Bc|| versus temperature

along the major and minor axis of the twofold anisotropy, measured in device A

at carrier densities of −1.44 × 1012, −1.42 × 1012, −1.40 × 1012, and −1.23 ×

1012 cm−2 (from right to left). (E to R) Polar maps of the anisotropic response of

the resistivity across the superconducting domes in device B. The carrier densities

and temperatures at which (E) to (R) are measured correlate with the labels

in (C). (S) For device B, we extracted the magnitude (represented by height) and

the polar angle of the major axis qmaj [represented by the color; see (33) for

details] of the nematicity at different densities and temperatures, with |B||| =

1 T. The data for different temperatures are shifted vertically for clarity. Inside

the region shaded in purple, the critical in-plane magnetic field is larger than

1 T and cannot be measured in our setup. In the density range of −1.45 × 1012 to

−1.2 × 1012 cm−2, the anisotropy polar angle qmaj rotates rapidly with the

carrier density, possibly owing to the competition with the wedge-like feature

that we identified in Figs. 2 and 3.
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Nematic superconducting state

A natural question to ask is whether the super-

conducting phase exhibits any anisotropic

properties as well. To investigate this, wemea-

sure the angle-dependent in-plane magnetic

field response of the superconducting phase.

In magic-angle TBG, the superconductivity is

suppressed by an in-plane magnetic field of

the same order of magnitude as the Pauli para-

magnetic limit (26). Using a vector magnet in

a dilution refrigerator, we apply a magnetic

field B|| up to 1 T in an arbitrary direction

within the sample plane (Fig. 4A). We com-

pensate for possible sample tilt by applying a

small out-of-plane magnetic field, so that the

magnetic field is parallel to the sample to

within |B⊥| < 2mT at |B||| = 1 T, which is much

less than the perpendicular critical magnetic

field of our devices [see (33) and fig. S3 for

detailed calibration procedure, and see fig. S5

for the perpendicular critical magnetic field

of devices A and B]. Figure 4B shows an ex-

ample of the resistivity versus in-plane mag-

netic field magnitude |B||| and angle qB (with

respect to the length of theHall bar; Fig. 4A). A

twofold anisotropic suppression of the super-

conductivity (emergence of a finite dissipation)

can be clearly seen. We have checked that the

direction of the current flow is not correlated

with the anisotropy direction, and therefore

the anisotropic Lorentz force contribution can

be excluded (fig. S6). The anisotropy is not

aligned with the length or width of the Hall

bar either (fig. S6).

The twofold anisotropy of the in-plane mag-

netotransport response points toward nem-

aticity that is intrinsic to the superconducting

phase, as it breaks the sixfold rotational sym-

metry of the moiré superlattice. We have sys-

tematically studied this nematic behavior

across the entire superconducting dome of

device B. In Fig. 4, E to R, we show polar maps

of the magnetoresistivity at different carrier

densities and temperatures in the hole-doping

and electron-doping superconducting domes

as labeled in Fig. 4C. At all densities except

those in Fig. 4, N and R, we find elliptic con-

tours that have major/minor axis ratios up

to ~3. We chose to always measure near Tc,

because deep inside the superconducting dome,

the in-plane critical field is usually larger than

1 T and cannot be measured in our setup. How-

ever, we have confirmed the nematicity in

the T ≪ Tc region by simultaneously applying

a small perpendicular field to partially sup-

press the superconducting state (fig. S7). At

the densities corresponding to Fig. 4, N and

R, which are outside the superconducting re-

gions, the anisotropy is essentially nonex-

istent. In general, the twofold anisotropy occurs

inside the broad transition from supercon-

ducting to normal state as a function of B||,

suggesting that it is a property intrinsic to the

superconducting fluctuations (38); the normal

state does not show any anisotropy in the in-

plane magnetoresistance (fig. S9). In device

A, we have observed a similar twofold aniso-

tropic in-plane critical field (Fig. 4D). The crit-

ical magnetic field Bc|| along the major axis

extrapolated to zero temperature exceeds

that along the minor axis by 40 to 80% in

this device.

Figure 4S shows the evolution of the mag-

nitude and of the director of the nematic
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Fig. 5. Anisotropic response of the superconducting critical current. (A and B) Differential resistance

dVxx/dIbias versus bias current Ibias as a function of the orientation of the in-plane magnetic field at two carrier

densities. The orientation is indicated by the color, differing by 15° between adjacent curves, which are

vertically shifted for clarity. (C) Modulation of the larger critical current in (B) by in-plane magnetic fields with

different orientations and magnitudes. A sinusoidal function is used to fit the data (see main text). Inset:

The modulation amplitude (peak-peak) as a function of the field magnitude, which can be fit by a power law

DIc º |B|||
a with a ≈ 2.1. (D and E) Calculated Fermi contour of q = 1.09° TBG at Bx = 0 and Bx = 1 T around

K and K’ valleys, respectively (33). (F) Energy splitting between states at opposite momentum and

opposite valleys along the Fermi surface DE(k) = EK’(k) − EK(−k) at Bx = 1 T. For comparison, the Zeeman splitting

gmBB at B = 1 T for g = 2 is 115 meV. The gray hexagons in (D) to (F) denote the moiré Brillouin zone.
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component of the superconducting state in

device B as a function of carrier density and

temperature. Our data show that the ne-

matic director, as measured by the angle of

rotation of the ellipse’s major axis, does not

appear to be exactly locked to any particular

spatial axis, but instead evolves continuously

with carrier density and temperature. In par-

ticular, in the superconducting dome on the

hole-doping side of −ns/2, the direction of the

major axis varies slowly within +20 to +50° in

the density range of −1.70 × 10
12

to −1.45 ×

10
12
cm

−2
(corresponding to the ellipses from

Fig. 4, E to H), whereas in the range of −1.45 ×

10
12
to −1.25 × 10

12
cm

−2
(from Fig. 4, I to M),

the major axis rotates quickly with the carrier

density. From Fig. 4, I to M, the major axis

rotates by ~90°. The latter range of density

again coincides with the resistive wedge-like

feature for device B, as shown from Fig. 2, B

and D. The smaller superconducting dome

on the electron-doping side near −1.20 ×

10
12
cm

−2
exhibits appreciable nematicity as

well (Fig. 4, P and Q), with a director point-

ing from 150° to 190° (10°). As we explain

below, that the nematic director changes

direction as a function of doping and tempera-

ture makes it unlikely that the superconduct-

ing anisotropy is simply a response to strain

present in the sample. On the contrary, this

observation is consistent with spontaneous

rotational symmetry-breaking characteristic

of an intrinsic nematic superconductor.

Anisotropic response of the

superconducting gap

The observation of nematicity puts certain

constraints on possible pairing symmetries

of the superconducting order parameter

(14, 39, 40). One can obtain information about

the superconducting gap by measuring the

critical current Ic. Here, by measuring Ic of

device B in the presence of in-plane magnetic

fields, we demonstrate that the nematicity not

only is manifested in the resistivity measure-

ments but also creates an anisotropic modu-

lation of the superconducting gap. Figure 5, A

and B, show the waterfall plots of differential

resistance dVxx/dIbias versus dc bias current

Ibias at two carrier densities, in an in-plane

magnetic field |B||| = 1 T along different di-

rections indicated by the colors. At the carrier

density in Fig. 5B, the plot shows two critical

currents at 110 and 210 nA, respectively, which

might be a consequence of domains in the

device with different twist angles or nematic

directors. At both carrier densities, the critical

current shows notable twofold modulation by

the in-plane magnetic field direction qB. The

qB dependence can be fit by a sinusoidal func-

tion cos2(qB − qB0) (Fig. 5C), where qB0 is the

direction of the major axis. The modulation

amplitude as a function of the in-plane field

magnitude is shown in the inset of Fig. 5C and

follows an approximately quadratic power-law

dependence.

An anisotropic response in the critical cur-

rent may originate from (i) an anisotropic an-

gular dependence of the superconducting gap

D and/or (ii) anisotropic properties of the un-

derlying normal-state resistance (Rn). Although

we have shown that the normal state exhibits

considerable resistivity anisotropy at densities

near the wedge-like feature in Fig. 3, we argue

here that the anisotropic response of the

critical current is not a result of the anisotropy

ofRn. First, Fig. 5A ismeasured at a density for

which there is essentially no resistivity anisot-

ropy in the normal state (Rxy
cr
/Rxx = −0.007 at

the lowest T in Fig. 3C), whereas Fig. 5B is

measured at a density with considerable anisot-

ropy in the normal state (Rxy
cr
/Rxx= −0.325

at the lowest T in Fig. 3C). However, the

modulation of the critical current at these two

densities shows similar magnitudes. Second,

an anisotropy in the resistivity tensor may not

necessarily imply a large anisotropic response

of the resistivity versus in-plane magnetic

field. Indeed, inside the wedge-like feature

in the normal state in device A, we could not

measure any substantial anisotropic response

to the in-plane field (fig. S9). Thus, these re-

sults suggest that the anisotropic response of

the critical current might not be directly re-

lated to the resistivity anisotropy of the normal

state and hence may originate from an aniso-

tropic superconducting gap.

To discuss the mechanism by which the in-

plane field couples to the superconducting

gap, we note that if the former couples solely

to the spin degree of freedom (and thus the gap

is only suppressed by the Zeeman coupling),

spin-orbit interaction must be introduced to

explain the dependence of Ic on the direction

of B||. However, the intrinsic spin-orbit cou-

pling in graphene-based systems is known to

be veryweak.Wemight consider the following

mechanism to reconcile these findings. As illus-

trated in Fig. 1A, the unit cell of magic-angle

TBG has a length scale of a ~ 14 nm. Despite

the separation between the graphene sheets in

TBG being merely d ~ 0.3 nm, an in-plane mag-

netic field that threads through the space be-

tween them induces a small but non-negligible

magnetic flux in the cross-section of the unit

cell with an area S ~ ad, which modifies the

Fermi contours. To demonstrate this effect, we

numerically calculated the Fermi contours at

−ns/2 for B|| = 0 and B|| = 1 T along the x di-

rection using the Bistritzer-MacDonald con-

tinuum model (28). Figure 5, D and E, show

the original and modified Fermi contours for

the K and K’ valleys, respectively; a noticeable

shift is induced by the in-plane magnetic field.

The K/K’ valley degeneracy is lifted by the mo-

mentum shift between the two layers introduced

by the in-plane field, which is proportional to

edB||, a substantial shift given the small size of

the Brillouin zone. If one assumes that only

electrons with opposite momentum and val-

ley are allowed to form Cooper pairs in the

superconducting phase, the two states from

opposite valleys would be at slightly differ-

ent energies when an in-plane field is applied,

which serves to suppress the superconductivity

in a manner similar to that of the paramag-

netic (Zeeman) effect in the case of spins. To

more intuitively demonstrate this, Fig. 5F

shows the depairing energy along the Fermi

contour DE(k) = EK’(k) − EK(−k). It is strongly

direction dependent and has an order of mag-

nitude similar to that of the Zeeman energy at

B||= 1 T (gmBB|| ≈ 115 meV, where g = 2 and mB is

the Bohr magneton). The depairing energy

exhibits a six-fold variation with respect to

the direction of the in-plane magnetic field,

whereas the nematic component of the super-

conducting order can further spontaneously
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Fig. 6. Summary of various com-

peting phases. On the underdoped

side of the superconducting dome, we

find a normal-state anisotropic phase

that, at low temperatures, competes

with superconductivity, creating a

depression in the Tc curve. In the

superconducting state, we find nema-

ticity, manifested in its response to

in-plane magnetic fields. By comparing

the extracted nematicity temperature

Tnem to Tc, we find that the entire

superconducting dome exhibits nematic-

ity, which suggests that the nematicity is

intrinsic to the superconductivity and

points toward a possible unconventional

pairing symmetry. The dashed area

denotes the competing region between

the two states, where a reduction in Tc,

as well as a strong rotation of the

nematicity axis, is seen.
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break this symmetry down to the observed

twofold symmetry (38, 39, 41). A small strain

can further assist to pin down the nematic

domain along a given direction.

Discussion

Our measurements reveal two distinct aniso-

tropic states in the phase diagram of magic-

angle TBG: a normal-state wedge-like feature

above the superconducting dome and a ne-

matic superconducting state. The wedge-like

feature is associated with a zero-temperature

insulating phase that shows appreciable resis-

tivity anisotropy, indicative of broken sixfold

lattice rotational symmetry. Thus, this normal-

state phase might be either an electronic nematic

state or an electronic smectic state—i.e., a charge

or spin-density wave that, in addition to rota-

tional symmetry, also breaks translational lat-

tice symmetry. In either case, the rotational

symmetry breaking can be described by a two-

component three-state Potts nematic order

parameter (41, 42). Electronic correlations

might be important for the formation of such

a state. Twisted bilayer graphene is well-known

to exhibit van Hove singularities (vHs), which

in general do not occur exactly at half-filling

(43, 44). Near the vHs, it has been theoretically

shown that the considerable nesting between

the K- and K’-valley Fermi contours might in-

duce density wave ordering (40). Notably, recent

scanning tunneling experiments have identi-

fied prominent rotational-symmetry–broken

features in the normal-state local density of

states (45–47). Alternatively, strong-coupling

models can also yield nematic and density-

wave states (48, 49). For the superconducting

phase, it remains to be seen whether its ne-

matic character, as revealed by the measured

in-plane anisotropy of the critical field, can

be reconciled with s-wave pairing. This be-

havior could be explained in terms of a two-

component p-wave/d-wave gap, indicative of

an unconventional pairing mechanism (50).

A crucial question is whether the anisot-

ropies observed here have intrinsic or extrinsic

origins. The observation that we do not observe

multiple nematic domains within the same de-

vice implies that some degree of residual strain

is present. The issue iswhether this strain is the

sole cause of the anisotropy (extrinsic origin) or

is mainly pinning one of the three underlying

nematic domains (intrinsic origin). To address

this, we note that such a residual strain should

be a property of the device and thus should be

present at all temperatures and doping. By

contrast, as shown in Fig. 3, the onset of the

normal-state anisotropy is restricted to a nar-

row doping range and to temperatures below

10 K. Furthermore, the resistance anisotropy

is on the order of one in the wedge-like fea-

ture (see Fig. 3B). Such a large effect would

be difficult to attribute to a reasonably sized

residual strain.

These quantitative arguments rely on the

amplitude of the anisotropy, but a more direct

argument against an extrinsic origin can be

made from the direction of the anisotropy. Our

measurements in the superconducting state

clearly show a rotation of the nematic director

(Fig. 4, E to S). In the three-state Potts model,

the three states correspond to the three nearest-

neighbor directions in the moiré superlattice

(41). Here, strain acts as a conjugate field to

the nematic order parameter, similarly to how

a magnetic field acts on a ferromagnet. If the

strain is “parallel” to one of the three anisot-

ropy directions, the corresponding nematic di-

rector is favored over the other two. As a result,

the nematic director is fixed at all tempera-

tures. If the strain is “antiparallel” to a direc-

tion, the other two directions become favored.

Consequently, as the temperature is lowered

toward the nematic state, the nematic director

continuously rotates from the disfavored direc-

tion to one of the two favored directions (41).

Notably, this can only happen if nematic order

is spontaneous; i.e., if it is an intrinsic instability

of the system (33). Therefore, the continuous

rotation of the nematic director in our ob-

servation indicates that the anisotropy of the

superconducting state is more likely to be

intrinsic, as an extrinsic origin would result

in a fixed orientation.

Another possible source of anisotropy is

twist angle variations across the device, which

could create an inhomogeneous distribution

of strain (51). Although further studies are

needed, we note that such an inhomogeneous

strain would act as a random field to the Potts-

nematic order parameter, which might affect

the nematic properties in 2D (52). However,

that we do not see different nematic domains

across our device suggests that the global resi-

dual strain is probably dominating over the

local strain caused by twist angle fluctuations.

The various phases discussed throughout

this article are summarized in Fig. 6 [see (33)

and fig. S8 for the extracted nematicity tem-

perature Tnem]. An anisotropic response to

an in-plane magnetic field is seen only in the

superconducting state, but not in the wedge-

like feature, suggesting that the origins of

nematicity in the normal and superconduct-

ing states are likely different. This is also

consistent with the observation that these two

orders compete, as evident from the suppression

of Tc when the wedge-like feature meets the

superconducting dome. However, because both

phases break the same sixfold lattice rotational

symmetry, the order parameters of these two

phases can interact beyond mere competition,

whichmay be responsible for the rapid change

of the ellipse direction in the part of the phase

diagram below the wedge (33). Moreover,

normal-state nematic fluctuationsmay play an

important role in favoring a superconducting

ground state that is also nematic. Although the

onsets of nematicity and of superconductivity

seem very close in our experiment (33), it is

possible that the nematic order inmagic-angle

TBG persists even above Tc, a phenomenon

known as vestigial nematic order (12, 14, 42).

In Fig. 3B, there is a region just above the

superconducting dome with positive trans-

verse voltage signal at n ≈ −1.65 × 10
12
cm

−2

and T ≈ 2 K. This signal not only has the op-

posite sign of the anisotropy of thewedge-like

state, but it also disappears when supercon-

ductivity is suppressed (Fig. 3C). Thus, this fea-

ture might be explained by a vestigial nematic

order that forms before the condensation of

Cooper pairs (12, 14, 42). Scanning probe ex-

periments are needed to confirm this nematic

phase above the superconducting transition.
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QUANTUM SIMULATION

Realization of an ideal Weyl semimetal band in a
quantum gas with 3D spin-orbit coupling
Zong-Yao Wang1,2,3†, Xiang-Can Cheng1,2,3†, Bao-Zong Wang1,4†, Jin-Yi Zhang1,2,3†, Yue-Hui Lu4,5,

Chang-Rui Yi1,2,3, Sen Niu4,5, Youjin Deng1,2,3, Xiong-Jun Liu4,5*, Shuai Chen1,2,3*, Jian-Wei Pan1,2,3*

Weyl semimetals are three-dimensional (3D) gapless topological phases with Weyl cones in the bulk

band. According to lattice theory, Weyl cones must come in pairs, with the minimum number of

cones being two. A semimetal with only two Weyl cones is an ideal Weyl semimetal (IWSM). Here we

report the experimental realization of an IWSM band by engineering 3D spin-orbit coupling for

ultracold atoms. The topological Weyl points are clearly measured via the virtual slicing imaging

technique in equilibrium and are further resolved in the quench dynamics. The realization of an

IWSM band opens an avenue to investigate various exotic phenomena that are difficult to access

in solids.

I
n a Weyl semimetal, the valence and con-

duction bandsmeet at nodal points, where

the quasiparticles are characterized by the

Weyl Hamiltonian and have linear disper-

sions (1–7). A Weyl node corresponds to a

topologicalmonopolewhose charge equals the

Chern number of the metallic Fermi surface

enclosing the nodal point; this charge defines

the chirality of the Weyl fermions at the node.

According to the Nielsen-Ninomiya no-go

theorem (8), Weyl nodes emerge in pairs, with

the two nodes in each pair having opposite

chiralities—hence, the minimum number of

Weyl nodes in a semimetal is two. A semimetal

with only two Weyl nodes is an ideal Weyl

semimetal (IWSM) (9), the most fundamental

phase in the Weyl semimetal family. Because

the two nodes in an IWSM cannot be trivially

gapped out, any interacting phase born of an

IWSM is nontrivial. Thus, IWSMs can host

noninteractingWeyl physics such as the chiral

anomaly (10, 11), as well as many-body pheno-

mena such as space-time supersymmetry (12)

and non-Abelian chiral Majorana modes (13),

which may not be favored in the interacting

Weyl semimetals with more Weyl points. Al-

though various Weyl and Weyl-like phases

have been widely reported, including type II

Weyl semimetals (14, 15), triply degenerate

semimetals (16, 17), and magnetic Weyl semi-

metals (18–20), a direct observation of IWSMs

remains elusive (21, 22).

Meanwhile, the realization of various topo-

logical models has been an active pursuit in

quantum simulation with ultracold atoms

(23–29). In particular, ultracold quantum

gases with synthetic spin-orbit (SO) inter-

actions provide pristine platforms to inves-

tigate exotic topological phenomena. SO

interactions synthesized in different dimen-

sions have distinct features. One-dimensional

(1D) SO couplings correspond to Abelian gauge

potentials (30–32), whereas 2D SO couplings

correspond to non-Abelian gauge potentials

(33, 34), including 2D Dirac (35) and Rashba

(36) types; the Dirac type has been actively

studied for realizing 2D quantum anomalous

Hall (QAH) models in optical Raman lattices

(27, 37). The 3D SO interactions, character-

ized by 3D non-Abelian gauge potentials, are

an essential ingredient for achieving high-

dimensional topological matter. In particular,

the emergent Weyl Hamiltonian in the Weyl

semimetal (38–41) describes a 3D Weyl-type

SO coupling, the realization of which has been

a long-standing challenge in the field of quan-

tum simulation.

In this study, we realize and detect a 3D SO

coupling and IWSM band for ultracold
87
Rb

atoms following the recent proposal in (42),

with the Hamiltonian in the 3D Bloch mo-

mentum q-space

HWeyl ¼ hðqÞ � s ð1Þ

where s ¼ ðsx; sy; szÞ are the Pauli matrices

and h(q) characterizes the q-dependent SO-

coupling axis. The Hamiltonian HWeyl at a

fixed qz reduces to a 2D QAH model, the

topology of which is modulated by qz. In our

experiment, the number of Weyl points is

tuned by adjusting the frequencies of optical

transitions that generate 3D SO coupling. We

use a virtual slicing reconstruction imaging

technique (42, 43) and measure the quench

dynamics of the system to clearly resolve the

Weyl points.

Construction of 3D spin-orbit coupling

The 3D SO coupling is constructed using 3D

optical Raman lattices (Fig. 1A). Spin is defined
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as the magnetic sublevels of
87
Rb atoms in the

j↑i ¼ j1;�1i and j↓i ¼ j1; 0i states. A bias

magnetic field B = 14.5 G applied along the y

axis provides quantization of the y axis and

Zeeman splitting of 10.2 MHz. The j1;þ1i
state is 30.2 kHz off resonance, owing to the

quadratic Zeeman shift—hence, it is effectively

excluded (27, 31, 32, 37). Three retroreflective

laser beams with a wavelength l = 787 nm

[wave vector k0 ¼ 2p=l and recoil energy

Er ¼ ℏ2k20=2m (ℏ, Planck’s constant divided by

2p; m, mass of an atom)] shine on the atoms

along the x, y, and z directions, marked as

Eiði ¼ x; y; zÞ , respectively, in Fig. 1A. Each

laser has orthogonal polarization components

Eijðj ¼ x; y; zÞ. Exy and Eyx have frequency

w1 , Exz and Eyz have frequency w2 , and Ezy

and Ezx have frequency w3 . We set w3 � w1 ≈

2p� 10:2MHz , matching the Zeeman split-

ting of j↑i and j↓i , and set w1 � w2 ¼ 2p�
200 kHz. Two l=4waveplates with optical axis

aligned along ẑ are placed in front of the

retroreflectors, producing a p phase shift

between ExzðyzÞ and ExyðyxÞ.
In the experiment, Ex and Ey form checker-

board lattices in the xy plane when their rel-

ative phase is adjusted to ϕ ¼ 0. Using a

coordinate frame ðu; vÞ rotated from ðx; yÞ as
u ¼ ðx þ yÞ=

ffiffiffi

2
p

and v ¼ ðx � yÞ=
ffiffiffi

2
p

, one can

write down the lattice potential asV2Dðu; vÞ ¼
V2Dðcos2k1uþ cos2k1vÞ, with k1 ¼ k0=

ffiffiffi

2
p

(44).

The density profile of V2D is shown in Fig. 1B.

The total 3D lattice potential isVLattðu; v; zÞ ¼
V2Dðu; vÞ þ VzðzÞ , where VzðzÞ ¼ Vzcos

2k0z

is the lattice potential along the z direction.

Raman couplings are generated by beam pairs

ðEzx;ExyÞandðEzy;EyxÞ.The frequencydifference
w2 � w1 prevents the couplings between ðEzy;
ExzÞ and ðEzy;EyzÞ. The Raman couplings have

3Dstructures and, in the u-v-z coordinates, are

WRðu; v; zÞ ¼ Wuðu; v; zÞsx þ Wvðu; v; zÞsy ,
where Wuðu; v; zÞ ¼ W0cosk0zsink1ucosk1v

and Wv ¼ Wuðu↔v; zÞ. As shown in Fig. 1B,

Wu ðWvÞ is antisymmetric along û ðv̂Þ and

symmetric along ẑ , leading to spin-flipped

hopping in the ûðv̂Þdirection.We finally reach

the following Hamiltonian (44)

H ¼ ℏ2k2

2m
þ VLattðu; v; zÞ þWuðu; v; zÞsx þ

Wvðu; v; zÞsy þ
d

2
sz ð2Þ

where ℏk is momentum and d is the two-

photon Raman detuning.

Within the tight-binding approximation, Eq. 2

in Bloch momentum space reads (41, 42, 44)

HTBðqÞ ¼ hðqÞ � s ¼ 2tsoðsinqusx þ
sinqvsyÞ þ ½mz � 2tzcosqz � 2t1ðcosqu þ

cosqvÞ�sz ð3Þ

whereq ¼ ðqu; qv; qzÞ is the dimensionlessmo-

mentum, tz, t1 (tSO) denote the spin-conserved

(spin-flipped) hopping coefficients, and mz ¼
d=2. The spin-dependence of the tz,1 terms is

caused by the staggered configuration of Raman

potentials and derived from a state-dependent

gauge transformation, whereas the tSO terms

characterize the SO coupling driven by Raman

potentials (44). For each fixed qz, HTB gives

rise to a 2D QAH model in the uv plane

(27, 35, 37, 42), with topology modulated by

bothmz and qz. TheWeyl points emerge when

the 2D QAH layers change topology as qz is

varied.

We demonstrate the realization of a 3D SO

coupling in an optically trapped
87
Rb Bose-

Einstein condensate (BEC)with 2.0 × 10
5
atoms

in the j↑i ¼ j1;�1i state. As the 3D Raman

lattice beams are adiabatically ramped up in

100 ms, the BEC is loaded into the ground

state of Eq. 2. Two probe beams shine along

the ẑ and ŷ directions simultaneously after

the atoms are freely released for 22 ms. The

spin-resolved time-of-flight (TOF) images are

taken on CCD-Z and CCD-Y, respectively, as

shown in Fig. 1C (CCD, charge-coupled de-

vice). The j↑i clouds are from the diffraction of

the 3D optical lattices. On CCD-Z, most of the

BEC is at momentum ðkx; kyÞ ¼ ð0;0Þ, and
four small dots are at momenta ðkx; kyÞ ¼
ðTk0; Tk0Þ . On CCD-Y, there are two small

dots at ðkx; kzÞ ¼ ð0; T2k0Þ and another set of

two at ðkx; kzÞ ¼ ðTk0; 0Þ, the latter of which

arise from the overlaps of the four diffractions

atðkx ¼ Tk0;ky ¼ Tk0; kz ¼ 0Þ. The j↓iclouds
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Fig. 1. Experimental apparatus and 3D SOC. (A) Experimental setup. Laser beams Ex, Ey, and Ez with a

wavelength of 787 nm produce 3D optical lattices with Raman couplings. Polarization components with

frequency w1, ðw2;w3Þ are marked by red (black, blue). Raman couplings are generated by beam pairs

ðEzx; ExyÞ and ðEzy; EyxÞ, composing the double-L configuration shown in the inset. BS, beam splitter; PD,

photodiode. (B) Density plot of checkerboard lattice potential in real space (top). The 3D antisymmetric

structures of the two Raman couplings Wu (middle) and Wv (bottom) are also shown. The grids represent

lattice sites of VLatt. (C) Spin-resolved TOF images of the ground state of a 3D SO-coupled BEC along ẑ and ŷ,

where V2D ¼ 1:77Er, Vz ¼ 3:54Er, W0 ¼ 1:02Er and d ¼ �0:1Er. OD, optical density. (D) Illustration of the

reconstruction of the momentum distribution.
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are from the Raman couplings. On CCD-Z,

they are at ðkx; kyÞ ¼ ðTk0; 0Þ and ð0; Tk0Þ. On
CCD-Y, they are atðkx; kzÞ ¼ ðk0; Tk0Þ,ð0; Tk0Þ,
and ð�k0; Tk0Þ. The 3D momentum distribu-

tions of the BEC (Fig. 1D) confirm the suc-

cessful realization of a 3D SO coupling.

Topological phase diagram and Weyl

node measurement

We locate Weyl nodes and use carefully pre-

pared thermal atoms to explore the topological

phasediagramof the IWSMband.TheWeylnode

momentum q
W
is determined via jhðqWÞj ¼ 0.

Around thesepoints, the linear expansionHðqWþ
dqÞ ¼ 2tsodqusx þ 2tsodqvsy þ 2tzsinq

W
z dqzsz

yields the Weyl Hamiltonian around the q
W

node. Figure 2A is the calculated topological

phase diagram of Eq. 2. Regions with different

numbers of Weyl nodes, ranging from zero to

eight, are indicated by different colors. Nota-

bly, there are phases with only twoWeyl nodes,

corresponding to the IWSM phase. The insets

of Fig. 2A show the 3D Brillouin zone with the

Weyl nodesmarked by positive ð⊕Þ or negative
ð⊖Þ chirality. To experimentally determine the

positions of Weyl nodes, one can characterize

the Chern number of 2D band structures for a

given qz plane. The Hamiltonian in Eq. 2 de-

lineates a set of 2D QAH bands in uv planes,

stacked along qz. The locations of Weyl nodes

can be detected by measuring the topolo-

gical change of 2D QAH bands as a function

of qz (42).

In the experiment, ~2.0 × 10
5
atoms cooled

to ~150 nK are adiabatically loaded into the

lowest band of the Hamiltonian in Eq. 2. The

temperature is chosen such that the entire

lowest band is occupied by a sufficient num-

ber of atoms, whereas the higher bands are

less occupied, to optimize the signal-to-noise

ratio (27). After performing a spin-resolved

TOF imaging along the ẑ direction, we obtain

the 2D momentum distribution (qu and qv)

of the atoms in j↑i and j↓i states on CCD-Z,

with qz being integrated out. Spin polariza-

tion at q is calculated as PðqÞ ¼ ½n↑ðqÞ�
n↓ðqÞ�=½n↑ðqÞ þ n↓ðqÞ�, with n↑(↓)(q) denoting

the atom number in state |↑> (|↓>) states at

q. As in (42), the Weyl band has an emergent

magnetic group symmetry. As a consequence,

for a given Raman detuning d0 in Eq. 2,

the 2D spin texture for fixed qz is identical

to the qz-integrated spin texture with proper

d ¼ d0 þ d
′ observed on CCD-Z. The shifted

detuning d
′ is a function of d0 and qz, and in

particular, d0 ¼ 0 for qz ¼ p=2. Therefore, by

scanning d
0 (adjusting Raman laser frequen-

cies), we can achieve a series of 2D spin tex-

tures that reconstruct the 3D spin distribution

of given d0 . This technique is known as vir-

tual slicing imaging (42–44). Figure 2B shows

the typical observed 2D spin textures at d0 ¼
�0:5Er , where qz ¼ 0; 0:2p; 0:65p are equiv-

alent to d
0 ¼ 0:396Er; 0:315Er;0:176Er , re-

spectively. The spin texture for qz ¼ 0; 0:2p
exhibits band inversion ring patterns (45),

marked by black contours in Fig. 2B, that

correspond to spin polarizations PðqÞ ¼ 0

(27, 37, 42). The Chern number for each of

these 2D bandswith fixed qz is determined by

the product Q of signs of spin polarizations

PðLj ; qzÞ at four high-symmetry momenta

fLjg ¼ fGð0; 0Þ; X1ð0; pÞ; X2ðp; 0Þ; Mðp; pÞg

—i.e.,QðqzÞ ¼
Y

j
sgnðPðLj ; qzÞÞ (27, 46). By

scanning the qz planes through the entire 3D

Brillouin zone, the topology and Weyl points

of the 3D Weyl semimetal band can be fully

determined.

The stack 2D spin textures in the Bloch mo-

mentum space withd0 ¼ �0:5Er are shown in

Fig. 2C. Only two Weyl nodes are observed,

marked as ⊕ and ⊖, revealing an IWSM re-

gime. The black dashed lines sketch the virtual
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Fig. 2. Phase diagram and

observation of the IWSM phase

in the equilibrium approach.

(A) Phase diagram of a Weyl

semimetal band with V2D ¼ 1:77Er
and W0 ¼ 1:02Er. Numbers of

Weyl points are indicated by

Roman numerals, and the

corresponding regions are distin-

guished by different colors. The

green circle and yellow square are

experimental points. Insets show

3D Brillouin zones for four Weyl

points (upper) and IWSM (lower).

Weyl points are labeled by � or �.

The four high-symmetry points

are marked by G(0, 0, 0),

M(p, p, 0), X(0, p, 0), and

R(p, p, p). (B) Three typical spin

textures, imaged on CCD-Z. In

the experiment, V2D ¼ 1:77Er,

Vz ¼ 3:54Er, andW0 ¼ 1:02Er. The

first Brillouin zone is shifted with

G(0, 0) in the center. Four high-

symmetry momenta (M, G, X1, X2)

are marked in the spin textures.

Black contours indicate the band

inversion rings. The corresponding

band structures are shown below.

(C) Reconstruction of spin tex-

tures of different qz layers in 3D

Bloch momentum space with

d0 ¼ �0:5Er. Experimental data are shown at left; theoretical calculations are shown at right. Weyl points are marked by � or �. Two black dashed lines depict

the fusiform of the band inversion surface. (D) Spin polarizations PðLj; qzÞ at four high-symmetry momenta versus qz. Weyl points are marked by pyramids. Error bars

indicate the SD of measured P(Lj, qz).
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slices of the fusiform band inversion surfaces.

For qz≈0, the spin polarizations are negative

near the G point ð0; 0; qzÞ and positive outside

the band inversion ring (Fig. 2B), yielding a

Chern number of C ¼ 1 (45, 47). As qz goes

away from 0, the band inversion rings grad-

ually shrink, and they vanish at Weyl nodes

where C jumps from 1 to 0. When qz is close to

Tp, spin polarizations over the entire layer are

positive, so C ¼ 0 . From the stack of spin

textures in Fig. 2C, PðLj ; qzÞ are extracted and

plotted in Fig. 2D as a function of qz. QðqzÞ is
positive for qz∼½�p;�0:3p� and ½0:3p; p� but is
negative for qz∼½�0:3p; 0:3p�. Hence, C jumps

from 0 to 1 at qz ¼ Tð0:3T0:03Þp , indicating
the positions of two Weyl points labeled by

pyramids. PðLj ; qzÞ can be affected by the

atoms populating higher bands, which would

shift the measured location of the Weyl point

(37). After removing the high-band thermal

effects, we obtain the revised locations of

Weyl points at qW ¼
�

0; 0; Tð0:54T0:05Þp
�

, in

agreement with numerical calculations [for

details, see (44)].

By varying the detuning term in Eq. 2, we

reconstruct the 3D topological spin texture for

d0 ¼ 0 using the same protocol. The 3D spin

structures for the original data (left) and the

high-band correction (right) are presented in

Fig. 3A. Three typical 2D spin textures are

shown in the insets, with band inversion rings

marked. For qz ¼ 0:7p, the ring encloses the G

point, indicating C ¼ 1. For qz ¼ 0:3p, the ring

encloses the M point, indicating C ¼ �1. For

qz ¼ 0:5p , the ring touches the X1 and X2

points, indicating that C jumps by two across

the plane. The corresponding fourWeyl points

are located at qW ¼ ð0; p; Tð0:52T0:07ÞpÞ
andðp; 0; Tð0:52T0:07ÞpÞ, which is confirmed

by calculating PðLj ; qzÞ and QðqzÞ (Fig. 3B).

Measuring the Weyl nodes using

quench dynamics

Although capable of revealing the overall to-

pological properties in an intuitive way, the

equilibrium approach suffers from the un-

certainty of temperature and the high-band

effects. Thus, we also apply an alternative

method—the non-equilibrium quench dynam-

ics (45, 47–52)—which is more robust in lo-

cating the positions of Weyl nodes. Atom

clouds at 200 nK are initially prepared in the

fully polarized trivial state j↑i. Raman coupl-

ings are effectively excluded, with a large in-

itial detuning di ¼ �200Er . Thereupon, d is

suddenly switched in 1 ms to �0:5Er, which is

in the IWSM region. The quench protocol pro-

jects the initial state to the eigenstates of the

post-quench Hamiltonian, which are super-

positions of j↑i and j↓i and have different

energies. The system evolves under the post-

quench Hamiltonian, leading to the spin dy-

namical oscillations with frequencies governed

by the energy differences among the different

Bloch bands (47). The CCD-Y is applied to record

the time evolution of spin after the quench,

together with spin-resolved TOF imaging.

Figure 4A presents the dynamic evolution

of the spin polarization Pðqx; qz ; tÞ in the

Brillouin zone, from 0 to 2 ms (with qy being

integrated out). We further calculate Pðqz ; tÞ
by integrating out qx to emphasize the dy-

namics along the qz direction and plot it on

the right side of each panel. For typical values

of qz, Pðqz ; tÞ is plotted as a function of evol-

ution time t in Fig. 4C. When qz is close to

0—e.g., qz ¼ 0 and T0:3p—Pðqz ; tÞ exhibits
both fast and slow oscillations. In this re-

gion, the lowest two s-bands overlap and

form a band inversion ring (Fig. 4B). The in-

itial state j↑i is mainly projected to the two

s-bands. The slow oscillations are dominated

by the gap opened at the band inversion ring

with a typical energy of 0.5 to 1 kHz. When qz
is close to Tp, the evolution of Pðqz ; tÞ is do-

minated by fast oscillations. In this situation,

the lowest two s-bands are separated from

each other, and no band inversion ring is

formed (Fig. 4B). The initial state is mainly

projected to the lowest s- and p-bands rather

than the two s-bands, and the oscillation fre-

quency is determined by the gap of the lowest

s- and p-bands, with a typical frequency of 4

to 5 kHz. We fit those evolutions with a

double-frequency damped oscillator (44) and

extract the low-frequency component flow as a

function of qz, as plotted in Fig. 4D. Around

qz ¼ �0:64p and qz ¼ þ0:62p , flow reaches

kink minima, whose underlying physics we

explain below.
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Fig. 3. Observation of a semimetal band with four Weyl nodes in the equilibrium approach. (A)

Reconstruction of spin textures of different qz layers in 3D Bloch momentum space with d0 ¼ 0. Original

experimental data are shown at left; high-band correction data are shown at right. Weyl points are marked by

� or �. Three 2D spin textures are shown to demonstrate changes in topology around four Weyl points.

(B) Spin polarizations PðLj; qzÞ at four high-symmetry momenta versus qz with high-band correction. Error

bars indicate the SD of measured P(Lj, qz).
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The critical points qz ¼ ð�0:64T0:08Þp and
ðþ0:62T0:08Þp are identified as positions of

the two Weyl nodes, close to the results from

the equilibrium approach. In the topological

regionwith jqz j < jqWz j, the 2D bands of j↑iand
j↓i are inverted, with band inversion rings in

the 2Dplanes (42). The dynamics is dominated

by on-resonance Raman-Rabi oscillations

between the two inverted bands (47, 48),

corresponding to the low-frequency oscilla-

tions with a large amplitude. In the trivial

region, the bands of j↑iand j↓iare separated;
therefore, the on-resonance Raman-Rabi oscil-

lations vanish. Around the Weyl points, the

two bands touch each other, and the band

inversion ring shrinks to a singular point. The

oscillation behavior in the vicinity of the Weyl

nodes is dominated by the gap of the band

inversion ring, causing theminima in flow (44);

flow does not reach zero, owing to background

noise. The numerical results of low-frequency

components, as calculated using the experi-

mental parameters, are also presented in Fig.

4D (44), supporting our observation.

Outlook

Realization of the IWSM enables explorations

of exotic quantum phenomena. For example,

indirect signatures of the chiral anomaly

(10, 11) were studied in condensed matter

physics by measuring negative magnetoresis-

tance (53). A clean and direct probe of this

phenomenon may be achieved in an IWSM

band with high controllability of the ultracold

atoms (42). Another notable phenomenon is

the phase transition from Weyl to localized

phases driven by disorders (54). A far-detuned

laser canbe used to produce a disorder potential

on topof theWeyl system.Alternatively, one can

apply anadditional lattice that is incommensurate

with the current one to realize a quasiperiodic

Weyl semimetal. Such quasiperiodic Weyl semi-

metals can host rich phases (55) and are difficult

to study in solids but achievable on the basis of

our experimental system.

The present protocol for 3D SO coupling

and IWSM bands is generic and can be im-

mediately applied to fermionic systems, where
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Fig. 4. Measuring the Weyl nodes with quench dynamics. (A) Dynamic evolution of spin polarizations in the Brillouin zone, imaged on CCD-Y. In the experiment,

V2D ¼ 1:77Er, Vz ¼ 3:54Er, W0 ¼ 1:02Er, and d0 ¼ �0:5Er. (B) Band structures with qz ¼ 0 (topological region), qz ¼ 0:6p (Weyl node), and qz ¼ p (topological trivial

region) are shown. (C) Typical oscillations of spin polarization Pðqz; tÞ for different qz. Red circles with error bars are experimental data. Error bars indicate the

SD of measured P(qz, t). Blue curves are fits with a double-frequency damped oscillator model. (D) Plot of fitting parameters flow versus qz in both experimental data

(blue circles with error bars) and numerical calculation (gray circles). ⊕ and ⊖ mark the locations of two Weyl points. Error bars indicate the SD of the fitting flow.
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the various correlated phases can be accessed

by tuning strong interactions. In particular,

topological superfluidity (56, 57) could be

achieved for 3D SO-coupled Fermi gases,

where themean-field theory captures essential

physics (13), with higher reliability for 1D or

2D SO-coupled systems.
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MAGNETISM

Gapped magnetic ground state in quantum spin liquid
candidate k-(BEDT-TTF)2Cu2(CN)3
Björn Miksch1, Andrej Pustogow1,2, Mojtaba Javaheri Rahim1, Andrey A. Bardin3, Kazushi Kanoda4,

John A. Schlueter5,6, Ralph Hübner1, Marc Scheffler1, Martin Dressel1*

Geometrical frustration, quantum entanglement, and disorder may prevent long-range ordering of localized

spins with strong exchange interactions, resulting in an exotic state of matter. k-(BEDT-TTF)2Cu2(CN)3
is considered the prime candidate for this elusive quantum spin liquid state, but its ground-state

properties remain puzzling. We present a multifrequency electron spin resonance (ESR) study down

to millikelvin temperatures, revealing a rapid drop of the spin susceptibility at 6 kelvin. This opening of a

spin gap, accompanied by structural modifications, is consistent with the formation of a valence bond

solid ground state. We identify an impurity contribution to the ESR response that becomes dominant

when the intrinsic spins form singlets. Probing the electrons directly manifests the pivotal role of defects

for the low-energy properties of quantum spin systems without magnetic order.

T
he exotic properties of quantum spin

liquids (QSL) have continuously drawn

interest since Anderson’s seminal study

half a century ago (1), where he con-

sidered spin models that possess an ex-

tensivedegeneracyof states.At low temperatures,

classical spins in magnetically interacting sys-

tems usually achieve a long-range periodic ar-

rangement. However, it is widely believed that

geometrical frustration may suppress conven-

tional magnetic ordering down to T = 0 K,

giving rise to a distinctive, fluctuating, quantum-

disordered state (2–4). Organic charge-transfer

salts were the first and most versatile QSL

candidates because their microscopic param-

eters can be easily tuned by chemical means.

These salts crystallize in a near-isotropic tri-

angular arrangement of S = ½ spins on

molecular dimers (5) (Fig. 1), in contrast to

most inorganic QSL candidates, such as pyro-

chlore compounds or herbertsmithite, which

form tetrahedral or kagome lattices (6, 7),

respectively.

For two decades, QSLs have been intensely

explored by various magnetic probes, but for

most materials, crucial questions remain

unanswered: How ismagnetic order prevented?

What is the ground state? And what is the spin

excitation spectrum? For the two-dimensional

charge-transfer salts, the importance of disorder

became evident only recently (8–12). On the

fundamental issue of the existence of a spin

gap in k-(BEDT-TTF)2Cu2(CN)3, however, con-

flicting conclusions can be drawn from mag-

netic torque (13), muon spin rotation (mSR)

(14), thermal transport (15), specific heat (16),
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and nuclear magnetic resonance (NMR) mea-

surements (17). The necessity of studying the

range T→0 favors experimental methods that

are susceptible to, among other things, impurity

spins. Measurements of the bulk susceptibility

do not distinguish between its intrinsic and

extrinsic components. mSR and NMR spectros-

copies are indirect probes, because they record

the influence of local magnetism on the spectral

and relaxation properties of muons and atomic

nuclei, respectively. In contrast, electron spin

resonance (ESR) directly probes the magnetic

excitation spectrum of the conduction electrons,

which allows us to unambiguously identify the

intrinsic response and separate it from other

contributions. Commonly used commercial

instruments do have a very high sensitivity,

but they are restricted in frequency and tem-

perature. For that reason, we developed a

broadband ultra-low-temperature ESR tech-

nique based on coplanar waveguide resonators.

The technique can be operated in a dilution

refrigerator, increasing the temperature range

to the millikelvin regime, and allows measure-

ments not only at a singlemicrowave frequency

but also at multiple harmonics of the funda-

mental frequency of the one-dimensional reso-

nators (18).

In Fig. 2A, we plot the temperature de-

pendence of the spin susceptibility cS(T ), as

derived from the X-band ESR spectra on

k-(BEDT-TTF)2Cu2(CN)3 single crystals shown

in Fig. 2B. At temperatures above 10 K, the over-

all behavior can be described by a Heisenberg

model on a triangular lattice with strong

antiferromagnetic exchange interaction J =

250 K, in agreement with previous estimates

(17). However, at T* ≈ 6 K, a rapid drop in

cS(T) is observed; this is at the very same tem-

perature where an anomaly was consistently

identified by various methods (15–17, 19–21).

Fitting the decay by an activated behavior

with functional form cS(T)º T
−1
exp{−D/T}

yields a spin gap of D = 12.1 K, as shown by

the green line; details are given in (18). Be-

cause the g value of k-(BEDT-TTF)2Cu2(CN)3
remains unchanged at low temperatures (fig.

S2), long-range magnetic order or any well-

defined local moments can be ruled out, in

accord with previous NMR results that show

no splitting in the spectra (17). Thus, our ESR

investigations unambiguously identify the

anomaly at T* as a phase transition to a gapped

magnetic ground state.

Because our findings clearly rule out the

widely assumed gapless QSL state with itiner-

ant spinons (16, 17), we consider possible

scenarios for a spin-gapped ground state

on a slightly distorted triangular lattice (Fig.

1B), such as a valence bond solid (VBS), an

Amperean pairing instability, Z2 QSL, or other

resonating valence bond phases (2–4, 22, 23).

First, we notice that cS(T) resembles that of

other known systems that undergo a contin-

uous transition to a spin-gapped state, for

instance the well-known spin-Peierls tran-

sitions in organic linear-chain compounds (24),

or inorganic CuGeO3 and a′-NaV2O5 (25, 26),

as elaborated in (18). Similar to these quasi-1D

systems, k-(BEDT-TTF)2Cu2(CN)3 exhibits a

structural anomaly with anisotropic thermal

expansion at the transition (19), corroborat-

ing the idea of a broken-symmetry ground

state that couples to the lattice. Such a transition

occurswhen the energy gain by the formation

of spin singlets exceeds the energy required

for the lattice distortion. Here, the shrinkage

of the c axis below T* that is accompanied by

pronounced lattice softening (20) suggests

that the (b ± c) directions are the preferable

orientations of the valence bonds (Fig. 1C).

Taken together, these experimental signa-

tures are fully consistent with a VBS, a non-

magnetic ground state in which neighboring

spins of opposite direction form valence bond

singlets arranged in a regular fashion—a

scenario also discussed for kagome (27) and

higher-dimensional QSL candidates (28).

Besides the VBS scenario, a gapped QSL

phase could be the result of a topological Z2
spin liquid found in perfect triangular-lattice

dimer models with some analogy to a phase-

disordered Bardeen-Cooper-Schrieffer (BCS)

superconductor (3, 4, 29). However, the pres-

ent in-plane anisotropy and potential sym-

metry breaking at T* put tight constraints

on a conceivable Z2 state. Alternatively, it was

suggested that an Amperean pairing instability

can impose a gap to mobile spinons, with an

incommensuratemodulation of the amplitude

(30), in order to explain the phase transition

at T* and other low-temperature properties

of the title compound. Yet this scenario is

rather difficult to reconcile with the vanish-

ing thermal transport (15) and the presence of

unscreened orphan spins, discussed below.

Precise structural studies through T*, by de-

ducing the valence bond arrangement, may

prove decisive in distinguishing between the

above scenarios.

Having clarified the ground state as a

nonmagnetic spin-singlet phase, we next ask:

Why did its nature remain unresolved for

decades despite much experimental effort? To

address this, carefully consider the ESR raw

data in Fig. 2B. Below room temperature, the

Dysonian absorption at the resonance field

Bmain ≃ 337 mT acquires a Lorentzian shape

as the conductivity decreases in accordance

with dc transport measurements (31). The

line initially broadens when cooled to 40 K,

followed by a moderate reduction of the line

width DB at lower temperatures (figs. S2 and

S3). Near T*, the signal narrows extremely,

and the doubly integrated area [correspond-

ing to cS(T)] is strongly reduced. Most impor-

tantly, a second component with an even

smaller DB appears at T*, as illustrated in Fig.

2C. Although just below T* the resonance field

of the two features is indistinguishable, Fig.

2D shows that the newly emerging component

splits off as an additional peak that shifts away

from Bmain for T < 2.5 K. We attribute this

contribution, whose intensity increases upon

cooling (orange symbols in Fig. 2A), to de-

fects, in accord with previous considerations

(10–12, 21). The feature actually consists of

two or three individual lines with slightly

different angle dependence and field varia-

tion, consistently observed in all crystals from

four different laboratories (figs. S9 and S10);

whereas the type of defect is always the same,

the density varies from sample to sample. As

the defect signals emerge from the main ESR

line at Bmain, we conclude that these defect

spins arise from molecular dimer sites that

remain unpaired below T*.

Figure 2E illustrates the low-temperature

angle dependence of the ESR lines while the

magnetic field is rotated within the bc plane.

SCIENCE sciencemag.org 16 APRIL 2021 • VOL 372 ISSUE 6539 277

Fig. 1. Crystal structure of the QSL candidate k-(BEDT-TTF)2Cu2(CN)3. (A) Layers of tilted BEDT-TTF dimers

in the bc plane are separated in a* direction [a* ⊥ (bc)] by ½Cu2ðCNÞ3�
�
∞
anion sheets. The colors represent

the different atoms in (A) and (B): gray, carbon; yellow, sulfur; white, hydrogen; blue, nitrogen; and red, copper.

(B) The dimers are internally coupled by the transfer integral td and arranged on a slightly distorted triangular

lattice. The interdimer transfer integrals t and t′ define the degree of frustration, t′/t ≈ 0.83. (C) Sketch of a

valence bond solid state on an S = ½ triangular lattice with spin singlets denoted in blue. Domain walls (top right),

topological defects, and monomers are expected in real materials. The orange arrows represent unpaired spins

caused by random pinning of local moments; vacancies are represented by a green circle.
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The signal at Bmain shifts only by 10−3 upon
rotation, a change caused by the anisotropy
of the g tensor of the BEDT-TTF molecules
owing to spin-orbit interactions. The minor
lines, however, exhibit an order of magnitude
larger variation and followa (3cos2q − 1) angular
dependence, implying that the ðBEDT‐TTFÞþ2
defect spins are subject to dipole-dipole inter-
action with a nearby magnetic moment at a
distance r ≈ 6 to 7 Å, as suggested recently (12).
We consistently observe similar angle depend-
ences in different crystals (fig. S8), indicating
that the defect spins are localized and experi-
ence dipolar interaction with a local magnetic
moment along a fixed crystallographic direc-
tion, specifically ruling out that this local field
is caused by regular dimerswithin the bc plane.
In all samples, however, we detect S = ½ Cu2+

ions in the anion sheet (fig. S6) (32, 33), which
can generate comparable local fields at the or-
ganic dimer sites (18). These excess electrons
most likely dope the closest (BEDT-TTF)2 site,
creating a vacancy and, hence, an unpaired spin
on one of the neighboring dimers (sketched in
Fig. 1C). Thus, Cu2+ impurities may be respon-
sible for the observed defect spins with a
(3cos2q − 1) ESR signal. Full clarification of
the nature and origin of the local magnetic
moments remains a desideratum for exper-
iment as well as theory.

The emergent local fields for B‖a* are of
comparable strength to the low-temperature
13C NMR line width (4.8 mT) (20) and sig-
natures in the mSR data (14). The distinct
anisotropy also explains the angular shift
and diverging susceptibility in the magnetic
torque observed for low T and B (10, 13). To
elucidate the relation to the weak-moment
antiferromagnetic phase suggested in (14),
we performed broadband ESR experiments at
different fields down to millikelvin temper-
atures using superconducting coplanar wave-
guide resonators as illustrated in Fig. 3A.
Figure 3B displays a representative temper-
ature evolution of the ESR absorption of the
crystal measured with the fundamental mode
at 1.1 GHz upon cooling from 4 K to 25 mK.
The defect signal, affected by local moments,
separates fromBmain=40mTat a temperature
Tloc ≃ 1 K and saturates at lower fields upon
cooling; the field dependence of Tloc is in
accord with the suggested phase boundaries
(14). Figure 3C illustrates the approximately
field-independent offset of the defect signal
with respect to Bmain at the base temperature
Tbase = 25 mK.
What is the origin of the second line in

Fig. 3B at Bmain? Although thermal excitations
across the spin gap exceed the defect contri-
butions close to T* (Fig. 2), they should not

contribute at Tbase ≃ D/500. As sketched in Fig.
1C, there is a possibility of intrinsic valence
bond imperfections, for instance throughdomain
walls or other types of broken singlets (10, 11, 23).
In the absence of a nearby magnetic moment,
the corresponding ESR line remains at Bmain.
There is an obvious advantage of using

electron spins to directly probe the magnetic
properties of quantum spin liquids. Because
the NMR spin-lattice relaxation rate is suscep-
tible to any kind of unpaired spins in the
sample, it will be dominated by impurities in
the event that a spin gap opens. Indeed, a recent
field-dependent NMR study on several k-type
organic QSL compounds suggests that the con-
tribution of the defect spins can dominate over
the intrinsic relaxation but is suppressed by
fields of order B = 10 T or higher (12). Of course,
impurities such as Cu2+ do not disappear when
warming above T*, but they are overwhelmed
by the large number of intrinsic paramagnetic
moments. Whereas high densities of Cu2+ will
dope the system into a metallic state (32), tiny
amounts of charged defects embedded in a
Mott-insulating matrix are a potential source
of electrical polarization, possibly accounting
for the controversially discussed relaxor-like
dielectric response (31, 34).
The scenario of localized unpaired spins,

possibly pinned to Cu2+, dispersed in a VBS

278 16 APRIL 2021 • VOL 372 ISSUE 6539 sciencemag.org SCIENCE

Fig. 2. X-band ESR results of k-(BEDT-TTF)2Cu2(CN)3. All datasets but one

show sample #1; the exception is stated. (A) Temperature dependence of the

normalized spin susceptibility cS measured on two samples along different

directions. The data shown for B‖b,c are for sample #2. At elevated

temperatures, cS(T) is described by an antiferromagnetic Heisenberg

model on a triangular lattice with J = 250 K (black line). Below the anomaly

at T* = 6 K, an exponential decay of the main signal evidences the opening

of a spin gap D = 12 K (green line). The orange diamonds correspond to

the signal from defect spins, which becomes obvious for T < T
*. Inset:

Susceptibility data up to T = 300 K for B‖a*. (B) Temperature evolution of the

X-band spectra with the magnetic field B‖c. The signal at T = 10 K and below is

divided by the factors indicated in the figure to account for the increasing peak in

dP/dB as the line sharpens. (C) Below T
*, an additional narrow component

appears, requiring a second Lorentzian function to fit the spectra satisfactorily.

As an example, the 4 K data are shown with the respective decomposition.

(D) Upon cooling below 2.5 K, this new signal separates and shifts to lower

resonance fields; we attribute the signal to defect spins not involved in the singlet

formation. (E) Anisotropy of the ESR resonances of k-(BEDT-TTF)2Cu2(CN)3. The

main signal (solid blue line) is identified by the zero-crossing of dP/dB from

positive (green) to negative (violet) and shows a small angular variation of

0.3 mT when measured within the bc plane at T = 2 K. In contrast, the signal

of the defect spins (dashed orange line) has a huge anisotropy of 10 mT offset from

the crystallographic c direction by an angle of 22° and caused by dipolar interaction

to local moments, possibly Cu2+ (see text).

RESEARCH | REPORTS



resolves the long-standing controversy of a

vanishing k/T in thermal transport for T→0

despite the gapless excitations concluded from

specific heat (11, 15, 16). Recent reexamination

of the thermal conductivity suggests that a

spin gap also exists in b′-EtMe3Sb[Pd(dmit)2]2
(35). Whereas much larger disorder effects are

expected for the inorganic QSL candidate

herbertsmithite ZnCu3(OH)6Cl2 owing to Cu-Zn

antisite exchange on the order of 10% (36),

which indeed have been reported (37, 38), Ag
2+

defects should be absent in k-(BEDT-TTF)2Ag2
(CN)3. Nevertheless, defect spins may prove

crucial for the low-temperaturemagnetic prop-

erties of all quantum spin systems that lack

magnetic order. There are now few QSL can-

didates remaining where the opening of a

spin gap has not been proven beyond any

doubt. The broadband low-T ESR spectroscopy

developed here provides a versatile tool to

tackle these and related issues.
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Fig. 3. Low-temperature broadband ESR

features of k-(BEDT-TTF)2Cu2(CN)3.

(A) Coplanar waveguide resonator

with mounted sample. The direction

of the static magnetic field B is

shown in black. The microwave

magnetic field B1 (yellow) is subject

to absorption by electron spin

resonance within the sample.

(B) B‖c ESR spectra at 1.1 GHz for

different temperatures down to

25 mK. The solid blue line

corresponds to the constant

main signal Bmain, whereas the

dashed orange line indicates

the evolution of the local-moment

signal. (C) Low-temperature

peak positions for varying

resonance frequencies and fields.
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FIRE ECOLOGY

Carbon loss from boreal forest wildfires offset by
increased dominance of deciduous trees
Michelle C. Mack1,2,3*, Xanthe J. Walker1,2,4, Jill F. Johnstone4,5,6, Heather D. Alexander3,7,

April M. Melvin3,8, Mélanie Jean4,9, Samantha N. Miller1

In boreal forests, climate warming is shifting the wildfire disturbance regime to more frequent fires that

burn more deeply into organic soils, releasing sequestered carbon to the atmosphere. To understand the

destabilization of carbon storage, it is necessary to consider these effects in the context of long-term

ecological change. In Alaskan boreal forests, we found that shifts in dominant plant species catalyzed by

severe fire compensated for greater combustion of soil carbon over decadal time scales. Severe burning

of organic soils shifted tree dominance from slow-growing black spruce to fast-growing deciduous

broadleaf trees, resulting in a net increase in carbon storage by a factor of 5 over the disturbance cycle.

Reduced fire activity in future deciduous-dominated boreal forests could increase the tenure of this

carbon on the landscape, thereby mitigating the feedback to climate warming.

T
he intensification of climate-sensitive dis-

turbances, such as wildfire, can feed back

to climate warming by altering net eco-

systemcarbonbalance (NECB), theamount

of carbon (C) sequestered or released to the

atmosphere over time. Severe disturbance events

can lead to loss of organic matter that survived

previous events (1), triggeringC losses that exceed

the potential for reaccumulation during the fol-

lowing disturbance-free interval. Indirect effects

of disturbance on C accumulation after fire may

also drive NECB (2). Nitrogen (N) lost to the

atmosphere during combustion could exacer-

bate N limitation to primary productivity,

making it difficult for plant productivity to

recoup combustion-driven C losses during post-

disturbance recovery. Severe disturbances can

alter the relationship between plant life history

traits and habitat characteristics (3), giving rise

to alternative successional pathways that affect

the rates and patterns of C accumulation (4).

Using empirical data to predict the impacts of

disturbance on NECB is difficult because of the

discrepancy between the time scales of direct

and indirect effects on C accumulation. Some

disturbances may result in direct effects such as

instantaneous C losses, whereas changes to

productivity and/or successional trajectory can

lead to indirect effects that may lag one to sev-

eral centuries after the disturbance (2).

The C balance of the boreal biome is of

global importance because of the large size

of C pools in forests and soils and their vul-

nerability to warming (5). Current climate-

induced changes to boreal fire regimes (6)

are expected to alter this biome’s historic role

as a net C sink relative to the atmosphere

(7, 8). Contemporary fires are burning more

deeply into organic soils, releasing larger

amounts of C (9) and depleting long-term C

stores (1). Deeper burning that combusts a

larger proportion of organic soil shifts eco-

systems to a negative NECB (a net C source)

if C losses are not replaced over the next

disturbance-free interval. Understanding whether

C accumulation during post-fire recovery com-

pensates for C emissions during fire is essen-

tial for determiningwhether there is a positive

feedback between climate warming and fire

intensification.

Lightning-ignited wildfire has been a key

structuring factor in boreal forests across Alaska

and western Canada for most of the Holocene

(6, 10). These forests are dominated by conifer

stands of black spruce (Picea mariana), where

stand-replacing fires occur at ~100-year inter-

vals (11). Black spruce release seed from semi-

serotinous cones (12), and the successional

trajectory of spruce self-replacement is en-

trained in the first decade after fire (12, 13).

In boreal Alaska, larger, more intense, and

later season fires have caused deeper burning

of the soil organic layer (SOL) (9), exposing

suitable seedbeds for the establishment of

deciduous tree seedlings such as aspen (Populus

tremuloides) and birch (Betula neoalaskana)

(12). Experimentalmanipulation of burn depth

(14), remote sensing of deciduous forest frac-

tion (15), and modeling forecasts (16) indicate

that deeper, more severe burning will lead to

increasing abundance of mixed and deciduous

stands, particularly inmoderate towell-drained

soils (17). An emergent property of these alter-

native successional trajectories is a substantial
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Fig. 1. Ecosystem carbon pools and wildfire losses across successional trajectories. Above- and

belowground C across three successional trajectories of tree regeneration. In all stands (N = 75), black

spruce dominated density and biomass prior to fire. Trajectories include stands that returned to spruce

dominance (blue; n = 21), transitioned to dominance by deciduous broadleaf trees (yellow; n = 36), or

transitioned to a mixture of black spruce and deciduous tree species (green; n = 18). See table S1 for

structural classification of successional trajectories, table S3 for associated N pools and C:N ratios, and table

S4 for text statistics. Letters represent significant differences (P < 0.05) between trajectories within the

above- and belowground pools.
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difference inpatterns of C accumulation. Spruce

stands sequester large amounts of C in a thick

SOL but accumulate relatively little biomass

aboveground, whereas deciduous stands se-

quester more biomass aboveground and little

in surficial soils (18, 19). It is unknownwheth-

er stands that shift from spruce to deciduous

trajectories can compensate for C lost in fire.

We examined the consequences of increas-

ing fire severity for the C and N balance of

black spruce stands in Interior Alaska, where

this stand type covers >50% of the forested

landscape (20). We asked whether the impacts

of fire severity on successional trajectory, spe-

cifically shifts from spruce to deciduous tree

dominance, were likely to exacerbate or miti-

gate the effects of large losses of soil C andNon

NECB (21). We combined observations of in-

dividual fires with chronosequences of sites of

different ages to estimate trajectories of forest

recovery and C accumulation that could arise

when black spruce forests burn (22).

In 2005, we established a long-term study

of multiple burned areas from the 2004 fire

year, when the total area burned in Alaska was

more than seven times the long-term average

(20). We studied 75 forest stands where black

spruce was the dominant species prior to fire.

Sites were located across a 250,000-km
2
region

in Interior Alaska and were selected to cover

the range of site conditions (e.g., topo-edaphic

position) and fire severities (i.e., proportional

combustion of canopy and SOL) (fig. S1). We

used estimates of seedling species dominance

to determine whether stands returned to black

spruce or underwent compositional change to

mixed or deciduous tree-dominated trajecto-

ries. By 2017, 28% of sites returned to black

spruce dominating both relative density and

relative biomass (fig. S2). The remaining 72%

of sites transitioned to an alternative trajec-

tory: mixed black spruce–deciduous (18 sites)

or deciduous-dominated (36 sites). In almost

all sites, black spruce density was equal to or

greater than pre-fire density (fig. S3), which

shows that variation in deciduous density

drives initial trajectories. In 37% of stands,

deciduous trees were present at low density

(0.05 ± 0.02 trees m
–2
, mean ± SEM) prior to

fire, but neither their relative and absolute

density nor their presence was related to the

relative or absolute density of deciduous seed-

lings after fire (fig. S4), making it unlikely that

post-fire deciduous dominance occurred through

asexual suckering.

Wedeterminedwhetherpost-fire successional

trajectories differed in pre-fire and post-fire C

and N pools and combustion losses. To project

the consequences of these trajectories over

longer time scales, we used a chronosequence

approach to assemble data from 248 stands

that varied in time after fire and tree species

dominance (20). We examined C and N pools

in biomass, necromass, and SOL across 100 years

of post-fire succession in order to calculate rates

of C and N accumulation over time, predict pool

sizes at 100 years, and estimate NECB for each

trajectory.

Our survey of the 2004 wildfire network

showed that sites classified as black spruce in

2017 burned at relatively low severity (13 ±

2 cm burn depth and 30 ± 5% combustion of

SOL C). Sites classified as mixed or deciduous

trajectory burned similarly in depth (13 ± 2

and 15 ± 2 cm, respectively) but lost a larger

percent of the SOL C pool than spruce (50 ±

5% and 65 ± 4%, respectively; table S2). Sites

that transitioned to a deciduous trajectory

ranged in landscape position from dry, well-

drained hillslopes with thin organic layers to

moist valley bottoms with thick organic layers,

but on average they had lower pre-fire SOL C

pools than stands that returned to spruce (Fig. 1).

This pattern is consistentwith the idea that drier

areas with thinner SOL are predisposed to burn

more severely, making these landscape positions
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Fig. 2. Wildfire effects

on soil organic layer

carbon pools and suc-

cessional trajectories.

The relationship between

pre- and post-fire SOL

C pools was estimated

across three successional

trajectories of tree

regeneration. See

Fig. 1 for sample size

and table S5 for model

results; in the symbol

key, R2 represents

marginal R2 of models

fitted for each trajectory

separately (table S6).

Lines represent model

fitted slopes; colored

shading denotes 95%

confidence intervals.0
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Table 1. Net ecosystem carbon and nitrogen balance across successional trajectories. Mean

(±SEM) or estimated ecosystem C and N pools and fluxes across three trajectories of forest

regeneration after wildfire. Estimates with different superscript letters indicate significant post hoc

differences at P < 0.05. See table S9 for explanation of ecosystem variables.

Post-fire successional trajectory

Spruce Mixed Deciduous

Ecosystem variable C or N pool (g m–2) or flux (g m–2 year–1)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Pre-fire C pool (t0) 8,119 ± 309a 6,901 ± 396b 6,867 ± 297b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Post-fire residual C pool (t1) 5,748 ± 419a 4,452 ± 522b 3,282 ± 462c
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net rate of C accumulation 21 ± 3a 42 ± 14a 90 ± 9b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

C pool 100 years after fire (t100) 7,800 ± 388a 8,622 ± 1215a 12,284 ± 766b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net C pool change (t100 – t1) 2,052 4,170 9,002
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

% legacy C (t1/t100 × 100) 74 52 27
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net ecosystem C balance (t100 – t0) –319 1,721 5,417
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Pre-fire N (t0) 247 ± 12a 202 ± 15b 189 ± 10b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Post-fire residual N (t1) 158 ± 10a 125 ± 15a 71 ± 1b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net rate of N accumulation 0.5 ± 0.1a 0.2 ± 0.5a 1.6 ± 0.2b
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

N pool 100 years after fire (t100) 207 ± 8a 141 ± 42a 226 ± 21a
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net N pool change (t100 – t1) 49 16 155
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

% legacy N 76 88 31
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Net ecosystem N balance (t100 – t0) −40 −61 +37
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
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more vulnerable to fire-driven change in species

dominance (13, 23).

Sites that transitioned in dominance had

higher C and N losses from fire and carried

significantly less C forward into the next suc-

cessional cycle than did stands that returned

to black spruce (Fig. 1 and table S3). Net “carry

forward” of C and N pools for the deciduous

trajectorywas ~30%of pre-fire pools, primarily

in the form of coarse woody debris and SOL

(Table 1). Spruce self-replacement sites car-

ried forward ~75%, primarily in SOL (Table 1).

Across spruce and mixed sites, pre- and post-

fire SOL C pools were highly correlated (Fig. 2),

showing that pre-fire variation in the SOL was

retained post-fire. Across deciduous sites, by

contrast, pre- and post-fire C pools were only

weakly related (Fig. 2), hence relatively little pre-

fire variation was retained. Pre-fire deciduous

tree presence had no effect on C pools or their

relationships (fig. S5). Post-fire initial ecosystem

C pools for 2004 network trajectories were

similar to starting pool size estimates of the

independent chronosequence dataset (fig. S6),

giving us confidence in linking the two datasets.

Over a 100-year period of post-fire succes-

sion, the deciduous trajectory accumulated

ecosystem C pools faster than the black spruce

trajectory by a factor of 4, reaching 12,284 ±

766 g C m
–2
, 1.6 times as much C as spruce

stands (Fig. 3A and Table 1). Most of the rapid

element accumulation on the deciduous tra-

jectory was in aboveground tree biomass (Fig.

3B), not belowground SOL C (Fig. 3C). Im-

mediately after fire, trajectories had similar

ratios of aboveground/belowground C pools.

Deciduous, but not spruce, trajectories increased

aboveground C pools over succession, such that

after 100 years, the aboveground/belowground

C ratio was higher in deciduous than in spruce

trajectories by an order of magnitude (Fig. 3D

and Table 1). The deciduous trajectory also

accumulated N pools faster than the spruce tra-

jectory by a factor of 3, resulting in no difference

in N pools after 100 years (Fig. 3E and Table 1).

In these Alaskan black spruce forests, high-

severity burning and a transition from spruce

self-replacement to a deciduous-dominated

trajectory led to a ~5000 g C m
–2
increase in

NECB over the 100-year fire cycle (Table 1).

Rapid C accumulation and high C:N ratios
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Fig. 3. Ecosystem recovery across trajectories of forest regeneration

after wildfire. (A to F) Black spruce (n = 139), mixed (n = 32), and deciduous

(n = 77) stands that constitute a chronosequence approach to estimating

long-term dynamics of ecosystem C pools (A), aboveground C pools (B),

belowground C pools (C), ratio of aboveground to belowground C pools (D),

ecosystem N pools (E), and ecosystem C:N ratio (F) over time after fire. See

table S7 for results. Solid lines indicate significant slopes; dashed lines

indicate slopes not different from zero (table S8). Colored shading denotes

95% confidence intervals. Four high deciduous trajectory data points [(A) and

(B)] are discussed in (20).
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of deciduous stands more than compensated

for lower pre-fire C and N pools and higher C

and N emissions relative to the spruce replace-

ment trajectory.

Observed increases inNECBand aboveground/

belowground C ratios associated with a shift

from black spruce to deciduous dominance

are consistent with plant-soil-microbial feed-

backs that emerge from these contrasting plant

functional types (24). Black spruce dominance

is characterized by long nutrient residence

time in plants and slow C and nutrient turn-

over in soils, resulting in accumulation of

thick organic soils with large C pools. Decid-

uous stands, by contrast, are characterized by

high plant nutrient use efficiency (19). Decid-

uous litter decomposes rapidly and regener-

ates nutrients that reinforce high tree growth

rates, rapid turnover of organic soil layers,

and low soil C storage (18, 19). This litter can

also suppress the accumulation of recalcitrant

moss, further shifting the balance of accumu-

lating C from belowground to aboveground

pools (25).

Similar transitions in aboveground/below-

ground C ratios have been observed with cli-

mate warming and increasing fire severity in

other northern ecoregions where rapidly grow-

ing species replace slow-growing species, which

suggests that this mechanism may have more

general application to NECB in these transi-

tional systems. In Canada, increased fire has led

to transitions from black spruce to deciduous

species (26) or equally rapidly growing pine (27).

In Northeastern Eurasia, the monodominant

species Cajander larch (Larix cajanderi) re-

sponds to increased fire severity by increas-

ing density and increasing aboveground/

belowground C ratios (28), thus mimicking

trait changes associated with a shift to faster-

growing tree species. In Arctic tundra, decid-

uous shrub expansion associated with climate

warming alone increases aboveground/below-

ground C ratios (29).

More rapid N accumulation in deciduous

trajectories than in mixed or spruce trajecto-

ries suggests higher N inputs or lower N losses

as drivers of C accumulation. Lower N losses

seem unlikely because soils in deciduous

stands have higher rates of N mineralization

and nitrification (19) and more enriched plant
15
N signatures indicating more N loss (30). If

high N inputs are the cause of rapid N accu-

mulation, the source is unlikely to be deposi-

tion because inputs to these forests are low

(<0.1 kg N ha
–1
year

–1
) (31) and similar across

trajectories. Moss- or alder-associated N2 fixa-

tion is also anunlikely cause; deciduous litterfall

suppresses moss growth (25), and there was no

evidence of increased alder density in deciduous

stands relative to spruce stands (18). A plausible

driver of rapid N accumulation in deciduous

stands is N acquisition from deep soils because

deciduous trees have deeper roots than black

spruce (32). Differences in rooting depth could

be particularly important when thaw depth

increases after fire (33) and exposes N frozen

in permafrost (34).

Shifts in C storage from organic soil layers

in spruce stands to aboveground biomass in

deciduous stands could negate increased NECB

if deciduous biomass C has a shorter lifetime on

the landscape (35). Burned spruce stands in our

study were, on average, 94 ± 3.8 years old at the

time of fire, which fits within estimates of fire

return interval for western black spruce forests

(70 to 130 years) (36). Little is known about the

long-term fate of deciduous stands in Alaska,

and our study did not include old stands or a

second fire cycle for this stand type. Deciduous

stands have low flammability, slow fire spread,

and low-severity burning (37),whichmayenable

trees to avoid or withstand fire and reduce fire

spread on the landscape (38). There is limited

empirical evidence of relay succession in this

region (39), but where it does occur, decidu-

ous tree mortality and canopy emergence by

understory black spruce could drive C accu-

mulation later in succession, revitalizing the

plant-soil feedbacks that lead to the forma-

tion of a thick SOL (39).

When deciduous-dominated stands do burn,

they are likely to regenerate via suckers as well

as seed (40). These regeneration traits mean

that once alternative deciduous trajectories are

in place, they could be resistant to change.

Studies of contemporary increases in wildfire

disturbance indicate that deciduous trees will

dominate the forests of Interior Alaska in this

century (16, 41, 42). Longer fire-free intervals,

lower fire severity, reduced fire spread on the

landscape, and asexual regeneration in decidu-

ous stands support the idea that once initiated,

these forests will persist and maintain C pools

longer on the landscape—a negative or stabiliz-

ing feedback to climate warming.
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PALEONTOLOGY

Absolute abundance and preservation rate
of Tyrannosaurus rex
Charles R. Marshall1,2*, Daniel V. Latorre1,2, Connor J. Wilson1,2, Tanner M. Frank1,2,

Katherine M. Magoulick1,2, Joshua B. Zimmt1,2, Ashley W. Poust1,2,3

Although much can be deduced from fossils alone, estimating abundance and preservation rates of

extinct species requires data from living species. Here, we use the relationship between population

density and body mass among living species combined with our substantial knowledge of Tyrannosaurus

rex to calculate population variables and preservation rates for postjuvenile T. rex. We estimate that

its abundance at any one time was ~20,000 individuals, that it persisted for ~127,000 generations, and

that the total number of T. rex that ever lived was ~2.5 billion individuals, with a fossil recovery rate

of 1 per ~80 million individuals or 1 per 16,000 individuals where its fossils are most abundant. The

uncertainties in these values span more than two orders of magnitude, largely because of the variance in

the density–body mass relationship rather than variance in the paleobiological input variables.

D
espite the famed incompleteness of the

fossil record, much can be inferred from

fossil material, including cell sizes and

thus genome sizes (1); individual lon-

gevities (2, 3); and growth and cohort

survivorship curves (2, 4, 5). However, quanti-

fying population-level variables such as popu-

lation density and abundance is made difficult

by the incompleteness of the fossil record (6, 7),

largely because fossilization rates are unknown,

which means that the number of fossils cannot

be used to calculate these variables.

Nonetheless, data from living species indi-

cate a strong relationship between population

density and body mass (8), which makes it

possible to estimate population-level variables.

Here, for one of the best understood dinosaurs,

Tyrannosaurus rex (Fig. 1) (9, 10), we use this

relationship to estimate its population den-

sity, which we combine (Fig. 2) (11) with our

rich knowledge of the species to estimate sev-

eral population-level variables, including the

total number of T. rex that ever lived and the

speciesÕ preservation rate. We assessed the im-

pact of uncertainties in the data used with

Monte Carlo simulations (11), but these simu-

lations do not accommodate uncertainties that

might stem from the choices made in the de-

sign of our approach (11).

Our calculations depend on the ability to

estimate the population density (r) of T. rex

(Fig. 2). Here, we use DamuthÕs Law (8, 12, 13)

to constrain that density. Derived from living

species, Damuth found that r is negatively cor-

relatedwith a speciesÕ bodymass (M) through a

power law (8)

log10(r) = log10(a) − b × log10(M) (1)

In applying Eq. 1, we used the broadly accepted

value of b = −3/4 for the slope (8, 11, 12, 14) [see

(11) for b = −2/3], which leaves two unknowns:

the intercept [log10(a)] and the body mass (M).

The intercept [log10(a)] depends on trophic

level and physiology. Trophically, T. rex was

clearly a carnivore, but establishing its phys-

iology has proven challenging (7, 15). Among

living species, a slowermetabolism is reflected

in larger population densities, hence larger

values of the intercept. However, ecological

differences between species within the same

trophic level, regardless of physiology, trans-

late into a large scatter in population den-

sities, independent of the intercept (Fig. 2A).

For example, flesh-eating mammals have a

150-fold variation (±1.96s) in population

density for species of the same body mass

(11) (Fig. 2A).

This ecological scatter swamps the uncer-

tainty introduced by the unknown physiology

of T. rex. Nonetheless, we need an estimate of

T. rexÕs physiology to assign an intercept.

There is general agreement that dinosaurs

were broadly endothermic (7, 16–21) but that

different species had different physiologies

(19–21) with metabolisms equal to or lower

than those of living mammals (20, 21). Ener-

getic considerations suggest that dinosaurs

were more mesothermic than living mam-

mals (7, 17, 18). For example, the extreme size

of saurischian dinosaurs (which include T. rex)

would be best explained if they had a metab-

olism similar to that of large varanid lizards

such as the Komodo dragon, which uses ~22%

as much energy per unit mass as that used by

flesh-eating mammals (17). However, dinosaur

paleobiologists tend to favor a more energetic

physiology (22), so we assumed a physiology

midway between that of mammalian carnivores

and that of large varanid lizards (11) (Fig. 2A).

This translates into population densities 2.1

times as large as the population densities of

the average mammalian carnivore and popu-

lation densities 1/2.1 times the size of popula-

tion densities of large varanids for the same

body mass. By contrast, mammalian herbivores

average ~35-fold higher population densities

than those of flesh-eating mammals (11), and

reptiles have, on average, ~30-fold higher pop-

ulation densities than those of mammals for

the same body mass (8). The scatter about the

line of best fit noted above (Fig. 2A) means that

our analysis encompasses the full range of

physiologies proposed for T. rex, including

physiologies even more energetic than those

of the average mammalian carnivore.

For the body mass estimate of T. rex, we

took into account the fact that DamuthÕs data

included individuals that had not reached

maximum size (11). Thus, rather than using

the maximum body mass of T. rex, we com-

puted the average body mass of postjuvenile

individuals (Fig. 1B and Table 1) [see (11) for

why we used this cutoff], which we call the

ecological body mass. This was estimated by

summing, over all postjuvenile age cohorts,

the product of the average mass of individuals

in each cohort, using a T. rex growth curve (2)

(Fig. 2C), and the proportion of individuals

in that cohort, using available T. rex survi-

vorship data (4) (Fig. 2D) (11). This yielded a
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Table 1. Input variable values for calculating T. rex population variables and absolute individ-

ual preservation rate. The uncertainty values (bottom row) are the ratios of the 97.5% and 2.5%

values, derived from the Monte Carlo simulations.

Values

Intercept,

population density

log10(a)

Ecological

body mass (kg)

M

Area

(million km2)

A

Temporal range

(million years)

T

2.5% tail 1.80 3700 1.42 1.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Mean 2.99 5200 2.30 2.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

97.5% tail 4.18 6900 3.18 3.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Approximate uncertainty 240×* 1.6×† 2.2× 2.7×
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

*The uncertainty of the intercept, a, is equal to 10(97.5% tail cutoff – 2.5% tail cutoff) = 240. †Populations density = M
b. For b =

–0.75, the ratio of the 97.5% tail and 2.5% tail is 6900/3700 = 1.86, which, when raised to the exponent b, is ð1:88j�0:75jÞ ¼ 1:6.
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mean of 5200 kg, ranging from 3700 to 6900 kg

(±1.96s) (Fig. 2B and Table 1).

Given these values, we estimate that T. rex’s

population density (Eq. 1) was between 0.00058

and 0.14 postjuvenile individuals/km
2
(with

95% confidence), with a median of 0.0091

individuals/km
2
(Fig. 2E and Table 2). This

agrees well with Farlow’s (7) estimate of 0.01

individuals/km
2
and is ~0.16 times the pop-

ulation density of tigers and ~0.07 times the

population density of lions (8). The median

estimate translates into a population size of

3800 T. rex in an area the size of California

and just two individuals in an area the size of

Washington, DC.

To calculate the standing population size of

T. rex (Fig. 2G), we multiplied the population

density by the estimated geographic area (Fig.

2F) occupied by T. rex (eq. S2). For a minimum

constraint on the geographic area, we used

the convex hull around T. rex fossil localities

that have yielded published postjuvenile in-

dividuals held in public repositories (11). We

used this as a minimum constraint given the

geographic incompleteness of the fossil and

rock records (23). For a maximum constraint,

we used the size of the inferred ecological niche

for tyrannosaurs in the Late Maastrichtian

(11, 24). This is a maximum estimate because

it is an extent of occurrence (EOO), whereas

Damuth’s Law is based on the smaller areas

of occupancy (AOOs) (8, 11). Given these con-

straints, the estimated geographic area for

T. rex is 2.3 ± 0.88 million km
2
(±1.96s) (Fig.

2F and Table 1).

Multiplying the plausible population den-

sities by the plausible geographic areas yielded

an average population size of 20,000 individ-

uals, with a 95% interval from 1300 to 328,000

individuals (Fig. 2G and Table 2). The lower

limit seems too low, given the loose consen-

sus that at least thousands of individuals are

needed for long-term persistence (11). Ourme-

dian estimate of postjuvenile T. rex biomass

alive at any one time—the population size mul-

tiplied by the ecological body mass—is 1.1 × 10
5

tonnes with a 95% interval from 6.6 × 10
3
to

1.7 × 10
6
tonnes.

To estimate the total number of T. rex that

ever lived, we multiplied the standing popula-

tion size by the total number of generations

that T. rex persisted. To estimate the latter, we

divided the estimated temporal range of T. rex

(Fig. 2H) by its generation time (Fig. 2K).

The temporal range of T. rex is uncertain

because of the poor temporal control on most

T. rex fossil localities (25) and because there

is a substantial dinosaur preservational gap

below the oldest T. rex fossils (11, 25, 26). Thus,

we established minimum and maximum age

brackets on its temporal duration (11) from

1.2 to 3.6 million years, which led to a mean

estimate of 2.4 million years (Fig. 2H and

Table 1).

The generation time was calculated using

the proportion of individuals living to age x

years (lx), derived from its cohort survivorship

curve (4), and the average number of progeny

produced at each age (bx), which requires an

estimate of the onset of sexualmaturity and its

maximum lifetime (eq. S25) (11). This yielded

an estimate of 19.0 ± 1.2 years (±1.96s) (Table 2

and Fig. 2K) (11). Dividing the longevity by the

generation time yielded an estimated persist-

ence for T. rex of 127,000 generations, with a

95% interval from 66,000 to 188,000 gener-

ations (Fig. 2L and Table 2).

The total number of T. rex that ever lived

(N) (Fig. 2M) was then estimated by multiply-

ing the number of generations that T. rex per-

sisted (Fig. 2L) by its standing population size

(Fig. 2G). This gave a median of 2.5 × 10
9
in-

dividuals, with a 95% interval from 1.4 × 10
8
to

4.2 × 10
10

individuals (Fig. 2M and Table 2).

The median estimate, although large, is about

half of the total number of adult humans

currently alive. This translates into a median

total postjuvenile biomass for all T. rex of 1.3 ×

10
10
tonnes, with a 95% interval from 7.5 × 10

8

to 2.2 × 10
11
tonnes.

With an estimate of the total number of T. rex

that ever existed and the minimum number

of described postjuvenile fossil individuals

curated in public repositories (10, 11), which

consists of 32 individuals, the minimum me-

dian per-individual fossil recovery rate is 1 fossil

individual for every 80 million individuals

(Fig. 2N and Table 2), with a 95% interval

ranging from 1 in every 4.5million to 1 in every

1.3 billion individuals (Fig. 2N and Table 2).

The number of T. rex individuals represented

in museums and in the hands of private

collectors—excluding nondiagnostic elements

such as teeth, vertebrae, or phalanges, whether

formally described or not—is on the order of

100 individuals, so the current overall fossil

recovery rate is approximately three times

these values.

However, T. rex fossils can only be recovered

fromplaces wherewe have rock of appropriate

age deposited in the appropriate environments.

Thus, we computed the per-individual fossil

SCIENCE sciencemag.org 16 APRIL 2021 • VOL 372 ISSUE 6539 285

Fig. 1. Skeletal outline of T. rex. Illustration credit: Danielle Dufault, Royal Ontario Museum.

Table 2. Output variable estimates for T. rex population variables and absolute individual preservation rate. The uncertainty values (bottom row) are

the ratios of the 97.5% and 2.5% values, derived from the Monte Carlo simulations. These values are approximate because of rounding errors in the numbers

presented in the table.

Values

Population density

(individuals/km2)

r

Standing

population size

n

Generation

time (years)

g

Number of

generations

G

Total number

of T. rex

N

Absolute

preservation rate

p

Number of individuals

per fossil

1/p

2.5% tail 0.00058 1300 17.8 66,000 1.4 × 108 2.2 × 10−7 4.5 million
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Middle value 0.0091 20,000 19.0 127,000 2.5 × 109 1.3 × 10−8 80 million
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

97.5% tail 0.14 328,000 20.1 188,000 4.2 × 1010 7.6 × 10−10 1.3 billion
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Approximate uncertainty 240× 250× 1.1× 2.8× 295× 295× 295×
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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recovery rate for just the geographic range

(~1000 km
2
) (27) and duration (~1.2 million

years) of the portion of the Hell Creek For-

mation that has yielded the most T. rex fossils.

The estimated total number of postjuvenile

individuals of T. rex that occupied this region

during that 1.2 million years is ~610,000 (table

S6), or about nine at any given time. A decade-

long survey (27) yielded fossils from 37 pre-

sumed postjuvenile individuals (11), which

translates into a median per-individual pres-

ervation rate of 1 in 16,000, with a 95% interval

ranging from 1 in 1100 to 1 in 260,000 (table

S6), ignoring the possibility that fossils might

have been washed in from a larger area.

The largest source of uncertainty in our

analysis stems from the scatter in the body

mass–population density relationship from

living species, which is about two orders of

magnitude larger than the paleobiological un-

certainties (Table 2). Nonetheless, our capacity

for inferring population sizes of extinct taxa

greatly exceeds what Simpson (6) thought

possible more than 75 years ago and Farlow’s

(7) pioneering work on the population size of

T. rex from almost 30 years ago. This ca-

pacity has been enabled by the discovery of

many more fossils and the ability to estab-

lish growth and survivorship curves from age

and body mass estimates. Further insights

into the ecology of T. rex should reduce the

uncertainty in its population density, for ex-

ample, through the use of paleontological

methods for determining whether predator

guilds are under- or overrepresented (28).

The framework developed here can be ap-

plied to any taxon with the appropriate data,

or where the data can be developed through

the collection of more fossils. It also opens

the door for other types of analysis—for ex-

ample, determining how rare, geographically

restricted, or short-lived a species had to be to

escape discovery in the fossil record or com-

bining population size estimates with mea-

sured rates ofmorphological evolution to infer
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Fig. 2. Schematic showing the

use of paleontological and

neontological data to estimate

population variables and the

absolute preservation rate for

T. rex. The quantitative relation-

ships between the variables (11)

are indicated in the insets.

(A) Distribution of intercepts

used for the log(population den-

sity) versus log(body mass) plot.

(B) T. rex ecological body

mass distribution. (C) Range of

growth curves for T. rex, given

the uncertainty in the maximum

body size. (D) Cohort survivor-

ship curves for T. rex (5).

(E) Inferred T. rex population

density. (F) Possible geographic

ranges for T. rex. (G) Inferred

T. rex population size at any

given time. (H) Range of

plausible geologic longevities

of T. rex. (I) Age-specific rates of

reproduction, bx. (J) Time of

onset of sexual maturity (Sm).

(K) Estimated T. rex generation

time. (L) Estimated longevity

of T. rex in generation times.

(M) Estimate of total number

of T. rex that ever lived.

(N) Minimum absolute individual

preservation rate. Continuous

probability distributions were

used for the input variables,

where the limits shown on the

normal distributions represent

±1.96 standard deviations. The

limits shown for the ecological

body mass (B) and generation

time (K) also represent ±1.96

standard deviations. The output

variables are shown as histograms

derived from 1 million Monte Carlo

simulations (11).
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selection coefficients. The range and quantity

of data now available for well-sampled and

well-studied fossil taxa have the potential to

greatly enhance our ecological understand-

ing of extinct species.
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OCEAN MICROBIOLOGY

Metagenomic analysis reveals global-scale patterns
of ocean nutrient limitation
Lucas J. Ustick1†, Alyse A. Larkin2†, Catherine A. Garcia2, Nathan S. Garcia2, Melissa L. Brock1,

Jenna A. Lee2, Nicola A. Wiseman2, J. Keith Moore2, Adam C. Martiny1,2*

Nutrient supply regulates the activity of phytoplankton, but the global biogeography of nutrient

limitation and co-limitation is poorly understood. Prochlorococcus adapt to local environments by gene

gains and losses, and we used genomic changes as an indicator of adaptation to nutrient stress. We

collected metagenomes from all major ocean regions as part of the Global Ocean Ship-based

Hydrographic Investigations Program (Bio-GO-SHIP) and quantified shifts in genes involved in

nitrogen, phosphorus, and iron assimilation. We found regional transitions in stress type and

severity as well as widespread co-stress. Prochlorococcus stress genes, bottle experiments, and

Earth system model predictions were correlated. We propose that the biogeography of multinutrient

stress is stoichiometrically linked by controls on nitrogen fixation. Our omics-based description of

phytoplankton resource use provides a nuanced and highly resolved description of nutrient stress in

the global ocean.

T
he supply of nutrients to the surface ocean

exerts a fundamental control on phyto-

plankton growth (1) that may be further

exacerbated by future climate-driven

stratification (2). However, there is cur-

rently large uncertainty about the global pat-

terns of nutrient stress and the possibility of

limitation by multiple nutrients (3). For exam-

ple, studies have independently proposedN, P,

or Fe limitation for phytoplankton growing in

the North Atlantic Ocean (4–6). Thus, the role

and interactions of each nutrient in regulating

phytoplankton growth is still unknown for

large parts of the ocean.

Experimental nutrient additions and bio-

geochemical models are important tools for

quantifying ocean nutrient stress (7). Nutrient

additions have demonstrated Fe limitation in

upwelling regions, but it has been difficult to

identify the limiting nutrient in many other

places. Multiple elements are often required

to stimulate growth (8), leading to a proposal

of widespread co-limitation (7). However, nu-

trients are commonly present simultaneously

at low concentrations, making it challenging

to distinguish between co-limitation and the

quick exhaustion of nonlimiting nutrients (9).

Bottle experiments can also introduce artifacts

and are labor intensive, leading to large re-

gional gaps in coverage (e.g., most of the Indian

Ocean) (7). Ocean biogeochemical models pre-

dict large-scale patterns of nutrient limitation.

However, the degree of nutrient stress and the

boundaries between major nutrient-limitation

regimes are sensitive to uncertain descrip-

tions of uptake and growth as well as external

nutrient inputs (10). Thus, there are method-

ological and conceptual challenges associated

with quantifying the biogeography of ocean

nutrient stress.

Prochlorococcus, the most abundant phyto-

plankton in oligotrophic regions (11), can adapt

to low-nutrient conditions through gene gains

and losses. The fast growth and large popula-

tion size of Prochlorococcus results in a close

association between genome content and local

nutritional conditions (11). All Prochlorococcus

genomes include the pstABCS genes for direct

assimilation of available inorganic phosphate

(12, 13). However, cells gain the capacity for reg-

ulation (e.g., phoBR) and assimilation of specific

P-containing compounds when inorganic P

is depleted. They also detoxify the accidental

uptake of arsenate with arsR/acr3 (14). Under

high P depletion and stress, cells can broadly

assimilate dissolved organic P (DOP) using the

alkaline phosphatases phoA and phoX (15, 16).

A similar phylogenomic hierarchy of adap-

tation is seen for N and Fe acquisition and

stress. Prochlorococcus cells progressively gain

the capacity for ammonia, urea, nitrite, and

nitrate uptake with increasing N stress driven

by energetic costs of converting oxidizedN com-

pounds into glutamine (17, 18). Prochlorococcus

cells carry genes for increasing uptake by

siderophores and additional transporters

under medium Fe stress (19) and have lost

many Fe-containing proteins under severe Fe

stress in high-nutrient, low-chlorophyll (HNLC)

zones (20). Thus, genomic content of cells in a

region reflects the experienced physiological

nutrient stress and the biochemical trade-

offs in overcoming the severity of nutrient stress

by loss of function or investments in acquisi-

tion (21). Thus, we propose using the genome

content of Prochlorococcus populations as a

global-scale biosensor for ocean phytoplank-

ton nutrient stress.
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We collected surfacemetagenomes from the

Atlantic, Pacific, and Indian Oceans to quantify

the global genome content of Prochlorococcus

and inferred nutrient stress (table S1 and data

S1). A total of 909 samples were newly collected

as part of the Global Ocean Ship-based Hydro-

graphic Investigations Program (Bio-GO-SHIP)

(22) and supplemented with 228 from Tara

Oceans (https://oceans.taraexpeditions.org/)

and GEOTRACES (https://www.geotraces.org/).

We recruited sequences toknownProchlorococcus

strains, recorded the frequency of established

nutrient acquisition genes, and normalized

to Prochlorococcus single-copy core genes.

On the basis of prior biochemical knowledge

and as verified by phylogenomics (and with-

out reference to their spatial distribution), we

a priori classified genetic adaptations for over-

coming a nutrient stress type and severity (W)

(Table 1 and data S2). Although the classifica-

tion of adaptations into high,medium, and low

stress partially masks the complex biochemical

tradeoffs and phylogenomic trait hierarchy

of nutrient use, these groupings allow us to

quantify the geographic variation of nutri-

ent stress environments in the global surface

ocean.

An ordination of nutrient genes demonstrated

a continuum of stress type and severity (Fig. 1A

and fig. S1). The first principal component

(28% variance) was parallel to the occurrence

of medium- and high-N-stress indicator genes,

suggesting that the largest cluster of samples

was linked to N stress. The second principal

component (20% variance) separated Fe and P

stress genes, and the vectors for Fe and P stress

genes pointed in nearly opposite directions

(0.9p angular difference). There was also a

spread within the N cluster related to N sub-

strate (fig. S2). The vectors for populations

with only ammonia and urea assimilation genes

had nearly the same angle but were separated

by 0.33p from populations containing nitrite +

nitrate or cyanate genes (fig. S1). We propose

that these samples were associated with me-

dium versus high N stress. Several low-light

strains of Prochlorococcus can use nitrite but

not nitrate with a dedicated transporter focA.

The focA and narB vectors were nearly in oppo-

site directions (separated by 0.88p), suggesting

a distinct ecological niche for nitrite assimila-

tion (cooler waters with deeper mixing; figs.

S1 and S2). Samples associated with elevated

medium- and high-P-stress genes were pre-

dominantly from the North Atlantic Ocean

and Mediterranean Sea, where high P stress

has been proposed (6) (Fig. 1B). Samples asso-

ciated with the high-Fe-stress genotype were

mostly from the HNLC regions. However, se-

lection for medium-stress genes occurred in

many samples, suggesting widespread adapta-

tion to Fe stress. We identified sample clusters

between the N and Fe as well as the N and P

gene vectors indicating frequent co-stress. By

contrast, Fe and P stress genes showed low

correlation (fig. S3) and there were rare co-

occurrences of Fe-P stress genes. In sum, the

ordination of Prochlorococcus genes could

identify samples with genes linked to single-

nutrient stress or co-stress.

Prochlorococcus genome content confirmed

known biogeographic patterns but also re-

vealed several previously unrecognized regions

of nutrient (co-)stress (Fig. 1B). We observed

genotypes adapted to (i) widespread N stress in

oligotrophic regions; (ii) P stress in the North

Atlantic Ocean, Mediterranean Sea, and Red

Sea; and (iii) Fe stress in the equatorial Pacific

Ocean. We found additional smaller regions

of P stress adaptation in the western South

Atlantic Ocean and the North Indian Ocean.

Other regions with Fe stress adaptation in-

cluded the eastern South Pacific Subtropical

Gyre, temperate regions in the North and

South Atlantic Ocean, and the Arabian Sea.

Our data suggested that co-stress was wide-

spread but mostly included N as one of the

elements.

Prochlorococcus stress genes demonstrated

subtle transitions between nutrient stress type

and severity in the Atlantic Ocean (Fig. 2 and

figs. S4 to S7 and S13). Samples from three in-

dependent ocean transects detected a transition

between elevated WFe and WP moving from

north to south around 40° to 50°N (figs. S4 to

S7). Subtle Fe stress north of the Gulf Stream

has been observed in past physiological analy-

ses of phytoplankton (23). Genes for DOP uti-

lization and associatedWP,high >1 were observed

in the North Atlantic subtropical gyre between

~40°N and the Intertropical Convergence Zone

(ITCZ) but peaked near 30°N (figs. S4 to S7).

An exception was a smaller region of elevated

WFe,med in the Canary Current, where upwell-

ing likely relieved macronutrient stress. In the

central-eastern gyre core, we detected WN,high

>1, suggesting adaptation to N-P co-limitation.

Some samples from the western gyre showed

an unusual combination of co-occurring Fe-P

stress genes. A clear meridional shift between

P stress and other nutrients at the ITCZ has

been suggested (24). In support, WP,high and

WP,med were substantially lower in the South

Atlantic Ocean (WP,high = –0.5 to 0.5,WP,med =

–0.5 to 1) and constrained to a small western

gyre region. By contrast, genotypes in the

eastern South Atlantic Ocean indicated adap-

tation to medium Fe stress (WFe,med = 1 to 1.5).

This is consistent with recent bottle exper-

iments (8) as well as a negative east-west

gradient in P concentration (25). WN,high was

positive in the central part of the South Atlantic

subtropical gyre (WN,high = 0.5 to 1), indicating

strong N stress in the region (figs. S4 to S7). In

parallel to the north, WFe,med rose near the

subtropical front toward the Southern Ocean.

Distinct nutritional regimes are thus present

across the Atlantic Ocean.

The Pacific Ocean also showed clear transi-

tions in stress type and severity. We detected

a sharply bounded region in the eastern equa-

torial Pacific Ocean with WFe,high >1 (figs. S8,

S9, and S13). There was also a surrounding

zone with elevated WFe,med, revealing a wider

impact of upwelling on Fe stress than indi-

cated by macronutrient concentrations (figs.

S8 and S9). To the north of the HNLC region,

WFe,med was eventually replaced with elevated

WN,high (WN,high = 0.5,WFe,med = 0) and some P

stress genes near Station ALOHA (http://aco-

ssds.soest.hawaii.edu/ALOHA/). WFe,med was >1

in most of the southeastern Pacific Ocean,

which is consistent with Fe stress seen in bot-

tle incubations and photophysiology studies

(26, 27). There was additional elevated WN,high

in the South Pacific Ocean gyre core surrounded

by a wider zone with high WN,med (fig. S9). In

the western South Pacific Ocean, we mainly

detected adaptation to N stress (WN,high = 0.5

to 1.5, WN,med = 0.5 to 1) (fig. S10). However,

there were slight increases in WP toward the

western edge of the gyre (WP,high = 0 to 0.5,

WP,med = 0 to 0.2) (fig. S10). This zonal shift

toward increasing P stress was consistent
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Table 1. Prochlorococcus genes associated with nutrient stress type and severity.

Wtype,severity Function Marker genes Reference(s)

WFe,high Loss of Fe-containing proteins HLIII-IV core genes (20)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

WFe,medium Fe uptake (transporters)
cirA, expD, febB, fepB/C,

tolQ, tonB
(19)

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

WP,high Alkaline phosphatase phoA, phoX (12, 15)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

WP,medium P starvation regulation,

arsenate toxicity,

specific DOP assimilation

arsR, acr3, chrA, gap1, mfs,

phoB/E/R, ptrA, PMM707,

PMM721, unkP1-5

(12–14)

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

WN,high Nitrite and nitrate

assimilation and uptake

focA, moaA-E, moeA,

napA, narB, nirA

(17)

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

WN,medium Urea and cyanate utilization
cynA/S, tauE, ureA-G,

urtA, unkN1-2
(17, 18)

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
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with the low P concentrations in the south-

western Pacific Ocean (25). We lacked sam-

ples from large regions of the Pacific Ocean

(including the northwest), illustrating the sub-

stantial effort required to cover the entire

Pacific basin.

We previously had a limited understanding

of nutrient stress in the Indian Ocean (7, 28),

but two recent Global Ocean Ship-based Hy-

drographic Investigations Program (GO-SHIP;

https://www.go-ship.org/) expeditions greatly

improved metagenomics coverage. Most of the

Indian Ocean had elevated WN,high and WN,med

(figs. S11 to S13), with the highest values seen

in the Southern Indian Ocean gyre. N stress

genes decreased north of the equator and

were lowest in the Arabian Sea upwelling re-

gion (figs. S11 and S13). We detected a region

with elevated WP,high on the northeastern side

of the Indian Ocean associated with several

fronts from the equator to the Bay of Bengal

(fig. S12). There were also indications of some

P stress adaptation associated with the south-

flowing Leeuwin and Agulhas currents. Sam-

ples from GO-SHIP I07N (fig. S11) (WFe,high =

0.5,WFe,med = 1 to 2) and Tara Ocean (fig. S13)

(WFe,high = 3, WFe,med = 1) both demonstrated

high WFe in a small upwelling region near

10°S on the western side of the basin. This

zone of high WFe is supported by satellite and

model studies (29). There was also widespread

elevatedWFe,med in most of South Indian Ocean

gyre and in a few samples in the Arabian Sea

(30). Overall, our metagenomics assessment

greatly expands our understanding of nutri-

ent stress across the Indian Ocean basin.

We speculate that the global-scale biogeo-

graphy of Prochlorococcusmultinutrient adap-

tation is stoichiometrically linked by N fixation.

Prochlorococcus can use nutrients at a stoichio-

metric ratio substantially above the vertically

supplied N:P (31). This leads to a default state

of residual phosphate and corresponding N

limitation in oligotrophic regions unless addi-

tional N is supplied by diazotrophs (32). As

reflected in the relative ordination positions

in Fig. 1A, cells appear to become adapted to

simultaneous N-Fe co-stress if the external

Fe supply and diazotroph activity are low.

Moving counterclockwise in Fig. 1A, popula-

tions are mainly N stressed at an intermediate

Fe supply, and then ultimately P stressed at

high Fe supply and N fixation rates (33). The

Atlantic meridional shift in nutrient stress

emerges from these stoichiometric interac-

tions (34). We saw signs of the same connec-

tions in the zonal shifts from elevated WFe,med
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in the southeasternAtlantic andPacific Oceans

toward elevated WP,med and WP,high in the south-

western Atlantic and Pacific Oceans. Cellular re-

source demand results in adaptation to high

Fe stress in the upwelling zone in the equa-

torial Pacific Ocean (35). As the water flows

outward, cells experience and adapt to first

medium Fe/N, and then high N stress and

even some P stress near Station Aloha as the

vertical Fe:P supply ratio increases. These

meridional and zonal shifts in adaptation to

nutrient stress mirror a recent synthesis of

surface phosphate concentrations (25). An

exception was the North Indian Ocean and

Bay of Bengal, where we detected a region of

high WP without a clear connection to N fix-

ation (36). We detected samples with Fe-P co-

stress in the western North Atlantic Ocean.

Because Fe and P stress are commonly op-

posite (Fig. 1A), this co-stress may be linked to

the lateral advection of low-P water from the

central Atlantic Ocean (37). Despite the ex-

ceptions, our omics-based approach supports an

emergent stoichiometric connection of oceanic

multinutrient stress.

We saw a significant correspondence be-

tween Prochlorococcus stress genes and nutri-

ent addition experiments, Earth systemmodel

predictions, and the depletion of surface nu-

trient concentrations (Fig. 3). There was a signif-

icant increase in the frequency ofProchlorococcus

stress genes from no limitation, to co-limitation

(2°), and then to primary (1°) limitation using

bottle experiments (Fig. 3, A to C) (7). However,

there was no distinction between medium and

high stress and bottle experiments.

There were also significant negative corre-

lations between WP and WN and surface phos-

phate or nitrate concentrations, respectively

(Fig. 3, D to F). At high phosphate concentra-

tions, WP was depressed, but a wide range in

WP appeared at low phosphate concentrations

(Fig. 3D). There was also a significant correla-

tion between WN and nitrate concentrations,

but again with a considerable spread (Fig. 3E).

This pattern suggested a large spread in stress

among Prochlorococcus populations at low

nutrient concentration that could be driven

by stoichiometric interactions with other nu-

trients or shifts in the supply rate of nutrients

to the surface ocean. We saw a limited differ-

ence betweenWmed andWhigh and the respective

nutrient concentration. Thus, the metagenomic

approach can delineate stress even when nu-

trients are severely depleted.

There was a broad agreement betweenW and

simulated nutrient stress in an Earth system

model [CESMv2_BEC (38)] (Fig. 3F and fig. S14).

The strongest overlap in Fe stress was observed

in the eastern equatorial Pacific Ocean. How-

ever, WFe suggested additional adaptation to Fe

stress in the eastern Pacific Ocean, the south-

eastern Atlantic Ocean, and the south-central

Indian Ocean (fig. S14), all regions where the

biogeochemicalmodel predictedN stress. This

is at least partially a CESMv2_BEC bias, be-

cause both satellite and other model data

support severe Fe stress in the Indian Ocean

region (29), and recent incubation experi-

ments found some Fe stress in the southeast-

ern Atlantic Ocean (3). CESMv2_BEC andWP

agreed on P stress in the western North

Atlantic Ocean, but WP suggested adaptation

to P stress in the wider subtropical North

Atlantic Ocean. Both efforts detected a smaller

P stress region in the southwestern Atlantic

Ocean. However, CESMv2_BEC did not show

anyP stress in thenorthern IndianOcean. There

was broad agreement between CESMv2_BEC

and WN throughout most of the Pacific and

Atlantic Oceans. However,WN suggested stron-

ger N stress adaptation in the Indian Ocean

than captured in CESMv2_BEC. With the ex-

ception of the little-studied IndianOcean, there

was broad agreement in the regional patterns

of nutrient stress between an Earth system

model and our omics-based metric.

There are several important caveats to con-

sider. First, genomic variations can reflect

both the demand for nutrients as well as the

290 16 APRIL 2021 • VOL 372 ISSUE 6539 sciencemag.org SCIENCE

10
-3

10
-2

10
-1

10
0

10
1

10
2

Nitrate mol/L

-2

-1

0

1

2

3
Metagenomic N Stress vs. Surface NO

3
E

N
 S

tr
e

s
s
 (
1

N
)

0

1

2

3

10
-2

10
-1

10
0

Phosphate mol/L

Metagenomic P Stress vs. Surface PO
4

D

P
 S

tr
e

s
s
 (
1

P
)

Spearman Correlation Between 1 and Measurements

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

S
p

e
a

rm
a

n
 C

o
rr

e
la

ti
o

n
 C

o
e

ff
ic

ie
n

t

F

CESM Nutrient Limitation

Fe NP

Surface Nutrients

NO
3

PO
4

p < 5e-10

High (1
High

) Medium (1
Med

)

C Nitrate Bottle Experiments

n=32

n=1

n=22

ac

bc

b

abc

abc

a

N Stress (1
N
)

-2 -1 0 1 2 3

B

n=1

n=21

n=33

Phosphate Bottle Experiments

ab

b

a

a

P Stress (1
P
)

-1.5 -1 -0.5 0 0.5 1 1.5 2

b

a

1˚ Lim

A

n=26

n=3

n=26

Fe Stress (1
Fe

)

Iron Bottle Experiments

a

b

ab

ab

a

2˚ Lim

No Lim

-1 0 1 2 3 4

b

Fig. 3. Comparison between the Prochlorococcus biosensor and established

approaches to characterizing nutrient stress. (A) Comparison between Fe

addition experiments and genomic Fe stress (WFe) (n = 55). (B) Comparison

between P addition experiments and genomic P stress (WP) (n = 55).

(C) Comparison between N addition experiments and genomic N stress (WN)

(n = 55). Small letters in (A) to (C) represent a Tukey post hoc comparison.

(D) Comparison between surface phosphate concentrations and WP (n = 658).

(E) Comparison between surface nitrate concentrations and WN (n = 802).

(F) Summary of Spearman correlations between established approaches and

genomic stress (Ws). All correlations are significant (p < 5 × 10–10). Data are

colored by stress level across all figures (red, high-stress WHigh; blue, medium-

stress WMed).

RESEARCH | REPORTS



availability of different nutrient species. Cyano-

bacteria up-regulate the acquisition of oxidized

N sources at a low ammonia supply and have

no dedicated sensory proteins for the con-

centration of urea or nitrate (39). In addition,

the genome organization of N acquisition sup-

ports sequential acquisition of ammonia, urea,

nitrite, and nitrate genes (fig. S15) (40). For

example, as illustrated by our eastern Pacific

Ocean transect, there was strong upwelling

and divergent flow of nitrate centered on 5°S

(fig. S16). At the upwelling core with high ni-

trate, Prochlorococcus solely contained genes

for ammonia uptake and thus likely relies on

recycled ammonia, followed by urea at the

gyre transition (~15°S), and then nitrate as-

similation within the gyre (~30°S). Moreover,

there was an inverse relationship between sur-

face nitrate concentrations and nitrate reductase

in Prochlorococcus. Thus, the genome regula-

tion, genome organization, and biogeography

of Prochlorococcus nutrient acquisition genes

suggest a first-order relationship with cellular

resource demands and environmental gra-

dients in nutrient availability, and thus an ex-

perienced stressful supply. However, it appears

unlikely that cells would retain these genes

without access to the associated resources

being supplied by community recycling (e.g.,

through nitrification). Second, we categorized

a priori each gene into three levels of stress

severity based on their biochemical role, phy-

logenomics, and regulation to avoid “circular-

ity” in our quantification of nutrient stress.

However, the biogeographic patterns sug-

gest that nitrite assimilation occurs in re-

gions with deep mixing and likely lower N

stress, whereas cyanate utilization genes

covary closely with high N stress. Furthermore,

medium- and high-phosphate-stress genes gen-

erally co-occur, suggesting a limited resolution

of regional P stress. Thus, some genes could be

reclassified or added to the classification sys-

tem (e.g., assimilation of organicN sources) (41)

in future analyses to refine the approach. A third

caveat is that our study is based on the assess-

ment of nutrient stress adaptation in a single

organism. Prochlorococcus is the smallest and

most abundant phytoplankton inmost nutrient-

limited marine ecosystems between 40°N and

40°S (11). However, Prochlorococcus is not abun-

dant or even present in many coastal or high-

latitude environments, restricting thegeographical

reach of the technique. Furthermore, coexist-

ing taxa could show divergent nutrient stress

profiles because of physiological differences

(21, 31, 42). However, Prochlorococcus gener-

ally has the highest nutrient uptake affinity

and is least likely to experience cellular nu-

trient stress (43). We also found a significant

correspondence between our stressmetric and

three established approaches, implying that

we captured the general community physio-

logical state in the regions analyzed. A fourth

caveat is the use of genomic changes to assess

the underlying physiological state: A genome-

based approach will work in populations with

rapid adaptation to local conditions, but tran-

scriptomic or proteomic approachesmaywork

better in ecosystems with longer generation

times. However, these approaches are more

labor intensive and affected by strong diurnal

expression changes. Thus, omics-based assess-

ments of nutrient stress should be carefully

calibrated to the biological behavior of the

targeted ecosystem.

Connecting omics-based microbiome studies

and biogeochemically important processes is a

widespread convergence challenge, and links

have been elusive andmainly correlation based

(44). Our stress metric builds upon 30 years of

studies of Prochlorococcus physiology and ad-

aptation to different nutrient regimes and

allows for a mechanistic description of re-

source utilization. It is also a semiquantita-

tive, cost-effective, and standardized way of

assessing nutrient stress and does not require

labor-intensive incubation experiments. Fi-

nally, our method can provide a sensitive de-

scription of phytoplankton stress and identify

nutrient stress severity for multiple elements

simultaneously (9). Thus, our findings demon-

strate how we can harness omics-based informa-

tion to develop a nuanced and high-resolution

understanding of global biogeochemistry.

REFERENCES AND NOTES

1. T. Tyrrell, Nature 400, 525–531 (1999).

2. L. Bopp et al., Biogeosciences 10, 6225–6245 (2013).

3. T. J. Browning et al., Nature 551, 242–246 (2017).

4. J. H. Martin, S. E. Fitzwater, R. Michael Gordon, C. N. Hunter,

S. J. Tanner, Deep. Res. Part II 40, 115–134 (1993).

5. M. Davey et al., Limnol. Oceanogr. 53, 1722–1733 (2008).

6. J. W. Ammerman, R. R. Hood, D. A. Case, J. B. Cotner, Eos 84,

165–170 (2003).

7. C. M. Moore et al., Nat. Geosci. 6, 701–710 (2013).

8. T. J. Browning et al., Nat. Commun. 8, 15465 (2017).

9. E. A. Davidson, R. W. Howarth, Nature 449, 1000–1001

(2007).

10. A. Krishnamurthy, J. K. Moore, N. Mahowald, C. Luo,

C. S. Zender, J. Geophys. Res. 115, G01006 (2010).

11. F. Partensky, L. Garczarek, Ann. Rev. Mar. Sci. 2, 305–331

(2010).

12. A. C. Martiny, M. L. Coleman, S. W. Chisholm, Proc. Natl. Acad.

Sci. U.S.A. 103, 12552–12557 (2006).

13. D. J. Scanlan, N. J. West, FEMS Microbiol. Ecol. 40, 1–12

(2002).

14. J. K. Saunders, G. Rocap, ISME J. 10, 197–209 (2016).

15. S. Kathuria, A. C. Martiny, Environ. Microbiol. 13, 74–83 (2011).

16. L. R. Moore, M. Ostrowski, D. J. Scanlan, K. Feren, T. Sweetsir,

Aquat. Microb. Ecol. 39, 257–269 (2005).

17. A. Herrero, A. M. Muro-Pastor, E. Flores, J. Bacteriol. 183,

411–425 (2001).

18. A. C. Tolonen et al., Mol. Syst. Biol. 2, 53 (2006).

19. R. R. Malmstrom et al., ISME J. 7, 184–198 (2013).

20. D. B. Rusch, A. C. Martiny, C. L. Dupont, A. L. Halpern,

J. C. Venter, Proc. Natl. Acad. Sci. U.S.A. 107, 16184–16189

(2010).

21. C. A. Garcia et al., Philos. Trans. R. Soc. Lond. B Biol. Sci. 375,

20190254 (2020).

22. A. A. Larkin et al., bioRxiv 285056 [Preprint]. 8 September 2020.

https://doi.org/10.1101/2020.09.06.285056

23. M. C. Nielsdóttir, C. M. Moore, R. Sanders, D. J. Hinz,

E. P. Achterberg, Global Biogeochem. Cycles 23, GB3001

(2009).

24. R. L. Mather et al., Nat. Geosci. 1, 439–443 (2008).

25. A. C. Martiny et al., Sci. Adv. 5, eaax0341 (2019).

26. S. Bonnet et al., Biogeosciences 5, 215–225 (2008).

27. M. J. Behrenfeld, Z. S. Kolber, Science 283, 840–843

(1999).

28. B. S. Twining et al., Deep. Res. Part II Top. Stud. Oceanogr. 166,

125–140 (2019).

29. M. J. Behrenfeld et al., Biogeosciences 6, 779–794 (2009).

30. S. W. A. Naqvi et al., Biogeosciences 7, 2091–2100

(2010).

31. A. R. Moreno, A. C. Martiny, Ann. Rev. Mar. Sci. 10, 43–69

(2018).

32. M. M. Mills, K. R. Arrigo, Nat. Geosci. 3, 412–416 (2010).

33. J. Wu, W. Sunda, E. A. Boyle, D. M. Karl, Science 289, 759–762

(2000).

34. B. A. Ward, S. Dutkiewicz, C. M. Moore, M. J. Follows,

Limnol. Oceanogr. 58, 2059–2075 (2013).

35. M. A. Saito et al., Science 345, 1173–1177 (2014).

36. C. R. Löscher, W. Mohr, H. W. Bange, D. E. Canfield,

Biogeosciences 17, 851–864 (2020).

37. M. W. Lomas et al., Biogeosciences 7, 695–710 (2010).

38. J. K. Moore, S. C. Doney, K. Lindsay, Global Biogeochem. Cycles

18, GB4028 (2004).

39. G. Rocap et al., Nature 424, 1042–1047 (2003).

40. A. C. Martiny, S. Kathuria, P. M. Berube, Proc. Natl. Acad.

Sci. U.S.A. 106, 10787–10792 (2009).

41. M. V. Zubkov, B. M. Fuchs, G. A. Tarran, P. H. Burkill, R. Amann,

Appl. Environ. Microbiol. 69, 1299–1304 (2003).

42. H. Alexander, B. D. Jenkins, T. A. Rynearson, S. T. Dyhrman,

Proc. Natl. Acad. Sci. U.S.A. 112, E2182–E2190 (2015).

43. M. W. Lomas, J. A. Bonachela, S. A. Levin, A. C. Martiny,

Proc. Natl. Acad. Sci. U.S.A. 111, 17540–17545 (2014).

44. J. D. Rocca et al., ISME J. 9, 1693–1699 (2015).

ACKNOWLEDGMENTS

We thank the chief scientists L. Barbaro, B. Carter, M. Lomas,

R. Sonnerup, G. Tarran, and D. Volkov and the coordinators of

GO-SHIP (L. Tally and G. Johnson) and the Atlantic Meridional

Transect (AMT; A. Rees) for supporting the collection of

metagenomic data. Funding: This work was supported by the

National Science Foundation (OCE-1046297, 1559002, 1848576,

and 1948842 to A.C.M. and 1658392 to J.K.M.), a National

Aeronautics and Space Administration Earth and Space Science

Fellowship (NESSF16R to C.A.G.), the National Institutes of Health

(T32AI141346 to L.J.U.), and the DOE BER Earth System Modeling

Program (DE-SC0016539 to J.K.M.). A.M.T. is funded by the

UK Natural Environment Research Council through its National

Capability Long-term Single Centre Science Programme, Climate

Linked Atlantic Sector Science (NE/R015953/1). This study

contributes to the international Integrated Marine Biosphere

Research (IMBeR) project (AMT contribution #358). Author

contributions: L.J.U., A.A.L., and A.C.M. designed the study and

wrote the manuscript with input from all authors. A.A.L., C.A.G.,

N.S.G., and J.A.L. collected samples. A.A.L., C.A.G., M.L.B., and

J.A.L. sequenced metagenomes. L.J.U. analyzed the data. N.A.W.

and J.K.M. produced CESM BEC model outputs. A.C.M. supervised

the study. Competing interests: The authors declare no

competing interests. Data and materials availability: All data are

available in the main text or the supplementary materials. Raw

metagenomic reads are available through the National Center for

Biotechnology Information Sequence Read Archive (BioProject ID

PRJNA656268). Metadata are available through http://cchdo.ucsd.

edu and BCO-DMO (project 2178). A complete description of all

Bio-GO-SHIP metagenomes and associated metadata are

available (22).

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/372/6539/287/suppl/DC1

Materials and Methods

Figs. S1 to S16

Tables S1 to S3

References (45–61)

Databases S1 and S2

MDAR Reproducibility Checklist

10 September 2020; accepted 1 March 2021

10.1126/science.abe6301

SCIENCE sciencemag.org 16 APRIL 2021 • VOL 372 ISSUE 6539 291

RESEARCH | REPORTS



SIGNAL TRANSDUCTION

Decoupling transcription factor expression and
activity enables dimmer switch gene regulation
C. Ricci-Tam1†, I. Ben-Zion1†, J. Wang2†, J. Palme1, A. Li1, Y. Savir3, M. Springer1*

Gene-regulatory networks achieve complex mappings of inputs to outputs through mechanisms that

are poorly understood. We found that in the galactose-responsive pathway in Saccharomyces cerevisiae,

the decision to activate the transcription of genes encoding pathway components is controlled

independently from the expression level, resulting in behavior resembling that of a mechanical dimmer

switch. This was not a direct result of chromatin regulation or combinatorial control at galactose-

responsive promoters; rather, this behavior was achieved by hierarchical regulation of the expression

and activity of a single transcription factor. Hierarchical regulation is ubiquitous, and thus dimmer

switch regulation is likely a key feature of many biological systems. Dimmer switch gene regulation may

allow cells to fine-tune their responses to multi-input environments on both physiological and

evolutionary time scales.

T
o respond appropriately to varying cir-

cumstances, cells use transcriptional pro-

grams to integrate multiple inputs from

their environment and determine the

appropriate output. The yeast galactose-

responsive (GAL) pathway, which controls the

decision to metabolize galactose in the pres-

ence of other sugars, is a model system for

multi-input responses (1, 2). We found that the

output of this pathway has two independently

controlled features: (i) the fraction of cells that

express genes in the pathway and (ii) their level

of expression. We set out to determine the mo-

lecular mechanism underlying this behavior.

The decision to express GAL genes is trig-

gered by galactose but inhibited by glucose, a

sugar that is easier to metabolize. The two

features of this response are a switch-like deci-

sion to activate the pathway and a rheostat-

like (i.e., graded) control of the expression level

(Fig. 1 and fig. S1). We measured the steady-

state GAL response in 77 different combina-

tions of glucose and galactose using a yellow

fluorescent protein (YFP) fused to the promoter

of Gal1p, the first enzyme in the GAL pathway

(Fig. 1A, figs. S1 and S3, and materials and

methods) (3). The fraction of cells that activate

the pathway (ON fraction, defined by compar-

ing the YFP signal with an uninduced reference

sample) was a one-dimensional switch-like

function of the ratio of the galactose:glucose

concentrations in themedium (1) (Fig. 1, B and

J, and fig. S1, C and E). However, we found that

whenmost of the cellswere activated, themean

expression level of cells in the ON subpopu-

lation (ON expression level) depended solely

on the glucose concentration (Fig. 1, C and K;

fig. S1, D and F; and materials and methods).

This behavior is analogous to that of a me-

chanical dimmer switch often used for home

lights. The galactose:glucose ratio, like the

on-off light switch, determines whether cells

turn on the pathway. The glucose concentra-

tion, like a dimmer knob or rheostat, controls

the expression level of ON cells. Inside a nar-

row region near where the ON fraction is tran-

sitioning frommostly off to mostly on, the ON

expression level is well described by the product

of the glucose dependence of ON expression

level and the ratiometric dependence of the

ON fraction (supplementary text and fig. S2,

F to K).

We found that the switch and rheostat were

controlled by separate genetic elements (Fig.

1 and fig. S2). We measured the steady-state

GAL response of mutant yeast strains lacking

key GAL pathway regulators (gal80D, mig1D,

and mig1Dgal80D) in the same 77 combina-

tions of glucose and galactose (fig. S2, A to E,

and fig. S3). The gal80DON fractionwas always

100% independently of the concentrations of

glucose and galactose (Fig. 1, D and J), whereas

the gal80D rheostat was normal; the ON ex-

pression level responded to glucose concen-

tration similarly to wild-type cells (Fig. 1, C,

E, and K). By contrast, themig1D strain had

a normal switch, where the ON fraction re-

sponded to the galactose:glucose ratio simi-

larly to wild-type cells (Fig. 1, F and J, and

supplementary text), but its rheostatwas always

at its maximum outside the switch threshold

region regardless of glucose concentration

(Fig. 1, G and K, and fig. S2J). Thus, Gal80p is

necessary for the switch and Mig1p is neces-

sary for the rheostat. Consistent with this, the

mig1Dgal80D strain was constitutively ON at

its maximal level (Fig. 1, H to K) regardless of

glucose or galactose concentration.

The first mechanism that we considered

for the switch-and-rheostat response was a

“chromatin-decoupled regulation”model in-

spired by pioneer factors (4) and observations

in the yeast phosphate pathway (5). This mod-

el proposes that the switch is controlled by

Gal4p-mediated chromatin remodeling and

the rheostat by Mig1p-mediated transcrip-

tional regulation (6) in fully accessibleGAL1

promoters (fig. S4A). To test this idea, we

measured chromatin accessibility and gene

expression inmany glucose and galactose com-

binations with a modified version of the assay

for transposase-accessible chromatin sequenc-

ing (ATAC-seq) (7, 8) (figs. S4 and S8 and

materials and methods). Consistent with the

model, the chromatin accessibility of the OFF

subpopulation was almost identical to that of

maximally repressed wild-type cells (Fig. 2A

and fig. S4, D to F). However, whereas the

model predicts that all ON cells have fully ac-

cessible chromatin, we found a graded range

of chromatin accessibility at theGAL1promoter

that correlated with GAL reporter expression

(Fig. 2A and fig. S4, H to K).

The chromatin-decoupled regulation model

also failed to explain thebehavior of the rheostat-

only gal80D strain, which showed a range of

glucose-dependent chromatin accessibility (Fig.

2A, bottom right) despite always having an ON

fraction close to 1. Furthermore, the switch-only

mig1D strain’s chromatin was either fully open

or fully closed (Fig. 2A, top right), indicating

that not only the switch but also the rheostat

modulates chromatin accessibility.We created

a doxycycline-titratable Mig1p strain to test

this hypothesis (mig1Dgal80D TetO7pr-MIG1

GAL1pr-YFP; SLYM03 in table S1, also see the

materials and methods). Increasing Mig1p ex-

pression by increasing doxycycline lowered

both the expression of GAL1pr-YFP (fig. S4L)

and the chromatin accessibility in a sugar-

independentmanner. The relationship between

chromatin accessibility and transcriptionwas

the same as that of a wild-type strain (Fig. 2A).

These data show that chromatin accessibility

is not the primary mediator of decoupling be-

tween the switch and the rheostat (fig. S4A).

Our observation of a Mig1p-dependent cor-

relation between chromatin accessibility and

expression level conflicts with a report that

nucleosome andMig1p binding are mutually

exclusive at the GAL1pr (6). To resolve this, we

deleted theMig1p-binding sites in theGAL1pr-YFP

reporter (fig. S5A) and measured the response

to varying combinations of glucose and galac-

tose concentrations. Unexpectedly, the phe-

notype of the GAL1pr
mig1bsD

reporter strain

was nearly identical to that of the wild type

(Fig. 2, B and C, and fig. S5C) despite the fact

that the Mig1p-binding sites were highly con-

served and presumed to be functionally impor-

tant (9). This indicated that the direct effect of

Mig1p at GAL1pr has a relatively minor con-

tribution to the steady-state GAL1 expression

level. Therefore, the Mig1p rheostat must reg-

ulate GAL1 upstream of the GAL1 promoter.
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In addition to regulating GAL1 expression,

Mig1p also inhibits GAL4 expression (10, 11)

(Fig. 1A), and changing Gal4p concentrations

can affect the GAL response (12, 13). We there-

fore investigatedwhethermodulation ofGAL4

expression might be involved in the rheostat.

Deleting the Mig1p-binding site in the GAL4

promoter (fig. S5B) was sufficient to pheno-

copy themig1D strain (Fig. 2, B and C, and fig.

S5D), suggesting that glucose control of Gal1p

levels is achieved solely through the regulation

of Gal4p abundance. Supporting this hypoth-

esis, YFP reporters for other Gal4p-regulated

promoters, including two synthetic promoters,

responded to glucose in the same way as GAL1,

even if the promoter did not contain aMig1p-

binding site (fig. S5, H to M). As further sup-

port for this hypothesis, whenwe introduced a

transcriptional reporter for GAL4 expression

(GAL4pr-mScarlet-I) into the wild-type and mu-

tant backgrounds, we found similar glucose-

dependent titration of GAL4 expression level

in thewild-type and gal80D backgrounds,which

is in contrast to the elevated and less variable

GAL4 expression for the GAL4pr
mig1bsD

and

mig1D backgrounds. (Fig. 2D and fig. S6, A

and B). To directly test whether Gal4p abun-

dance regulates GAL1 expression and thus

mediates the Mig1p rheostat, we built a strain

with a doxycycline-titratable mScarlet-I-Gal4p

fusion (14) (gal4D TetO7pr-mScarlet-I-GAL4

GAL1pr-YFP; SLYM08 in table S1; also see the

materials and methods) (fig. S6, C and D). By

measuring fluorescence from both mScarlet-I-

Gal4p and GAL1pr-YFP, we observed a direct

correlation between the fluorescence of red

fluorescent protein (RFP) and YFP in the ON

subpopulation (Fig. 2E and fig. S6, E to H),

confirming that the GAL pathway responds to

Gal4p abundance (see also fig. S5, N and O).

Our results support a “hierarchically de-

coupled regulation”model in which the abun-

dance and activity of a single transcription

factor, Gal4p, are regulated independently

(Fig. 3). In this model, transcriptional regu-

lation of Gal4p abundance by the upstream

transcription factor Mig1p mediates the re-

sponse to glucose, whereas protein binding of

Gal80p to Gal4p (15, 16) regulates Gal4p activ-

ity in response to the galactose:glucose ratio.

Unlike our initial chromatin-decoupled regu-

lationmodel (fig. S4A), a single transcription

factor, Gal4p, controlled both the switch and

the rheostat at the final step of the pathway.

In both models, decoupling was achieved by

regulation working through two distinct mech-

anisms; this is reminiscent of other cases, such

as the frequency versus amplitudemodulation

of the Msn2p-Msn4p stress responses in yeast

(17). Our model is agnostic to mechanistic de-

tails of how Gal4p activates downstream GAL

promoters and is thus compatible with recent

observations that different Gal4p-binding sites

have different functional roles (18).

What physiological function could be served

by decoupling the on-off switch of pathway

activation from the expression level of the

pathway?When facedwithmixtures of sugars,

yeast first use glucose, then less-preferred carbon

sources (19), a phenomenon called diauxic

growth (20). Yeast prepare by expressing GAL

genes before glucose is depleted; the earlier a
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Fig. 1. Switch-like activation and rheostat-like control of expression level

are genetically decoupled in the yeast GAL pathway. (A) Schematic of the

yeast GAL pathway, including the hypothesized competitive transport mechanism

(1) by which the internal galactose level is a function of the ratio of external

concentrations of the sugars, leading the GAL branch of the pathway (orange) to

be responsive to the galactose:glucose ratio. (B to I) ON fraction and ON

expression level heatmaps of the wild-type, mig1D, gal80D, and mig1Dgal80D

strains in a glucose-galactose double gradient (two biological replicates are

shown for each strain and glucose-galactose combination). Black lines delimit the

region of ON fraction threshold (range of galactose:glucose ratios where 0.2 <

ON fraction < 0.8). (J) Plot of the ON fraction versus galactose:glucose ratio

for the wild-type, mig1D, gal80D, and mig1Dgal80D strains for experiments in (B)

to (I). Scatterplot X-values are randomly jittered for visualization purposes.

Deletion of GAL80 eliminates the switch. (K) Plot of ON expression level in the ON

region (ON fraction > 0.8) versus the glucose concentration for the wild-type,

mig1D, gal80D, and mig1Dgal80D strains for experiments in (B) to (I). Scatterplot

X-values are randomly jittered for visualization purposes. Deletion of MIG1

eliminates the rheostat. See fit parameters in table S4.
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Fig. 2. Decoupling occurs through regulation of

the Gal4p transcription factor rather than

directly at the GAL1 promoter through chromatin.

(A) Scatterplot of YFP expression level (x-axis)

versus the percentage chromatin accessibility (y-axis)

at the GAL1 promoter across all samples from

wild-type, mig1D, gal80D, mig1Dgal80D, and

TetO7pr-MIG1 mig1Dgal80D strain backgrounds.

Data plotted include two biological replicates

(circles indicate replicate 1, squares indicate

replicate 2) for each strain and glucose-galactose

and doxycycline condition. (B and C) ON fraction

as a function of the galactose:glucose ratio (B)

and ON expression level as a function of glucose

concentration (C) in a glucose-galactose double

gradient assay (two biological replicates) across the

wild-type, mig1D, GAL1prmig1bsD, and GAL4prmig1bsD

strains. Scatterplot X-values are randomly jittered for

visualization purposes. See pairwise comparisons

from (B) in fig. S5, E to G. (D) Plot of GAL4pr-

mScarlet expression versus sugar concentration

in a glucose titration series across the wild-type,

mig1D, gal80D, and GAL4prmig1bsD strains.

Thin lines represent individual biological replicate

data (two replicates for wild-type and four replicates

for all other strains), and thick lines represent

the average across replicate measurements.

Scatterplot X-values are randomly jittered

for visualization purposes. (E) RFP versus YFP

fluorescence in a gal4D TetO7pr-mScarlet-GAL4

GAL1pr-YFP strain from microscopy of a

doxycycline (DOX) titration series (see fig. S6D

for a flow cytometry YFP versus DOX plot). Scatter

represents single-cell measurements, with colors

corresponding to discrete DOX concentrations; black

circles are the average YFP and RFP values at each

given DOX concentration (two biological replicates).
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Fig. 3. Mechanistic model: switch-and-rheostat

works through decoupled regulation of Gal4p

activity and abundance. (A) Switch-and-rheostat

regulation in the GAL pathway is achieved through a

hierarchical design. In response to glucose, the

rheostat works through Mig1p transcriptional

regulation of GAL4, where the activity of Gal4p is

then regulated in response to the galactose:glucose

ratio. (B) Molecular mechanism of the independent

control of Gal4p abundance and activity. Internal

galactose concentrations (which depend on the

external ratio of glucose:galactose) controls the

activity of Gal3p (x-axis). Gal80p sequesters Gal4p;

active Gal3p sequesters Gal80p. Thus, when the

active Gal3p concentration exceeds the total Gal80p

concentration, Gal4p will convert sharply in the

galactose:glucose ratio space from inactive (gray

circles) to active (orange circles). However, the total

amount of active Gal4p controls the amount of

transcriptional output from the GAL1 promoter (green shading). Glucose controls Mig1p activity, thereby setting the total level of Gal4p (y-axis). Thus, glucose controls

the level of Gal1p by controlling the total level of Gal4p and thereby the amount of active Gal4p.
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strain expresses GAL genes, the higher the fit-

ness advantage it has once glucose is depleted.

However, preparation comes at a fitness cost

in the period before the glucose runs out (21).

One possible function of the decoupled switch-

and-rheostat design is to allow early activation

of the pathway but with a reduced cost.

To test this, we set up a competition be-

tween a wild-type strain and a rheostat-

lacking GAL4pr
mig1bsD

strain during diauxic

growth conditions (fig. S7A). GAL1pr-YFP ex-

pression quickly reached its maximum in the

GAL4pr
mig1bsD

strain butwas delayed in awild-

type strain until glucose was depleted (fig. S7,

B and D). During this time (t = 0 to 7 hours),

the wild-type strain had a fitness advantage

over the GAL4pr
mig1bsD

strain (Fig. 4 andmate-

rials and methods), presumably due to the

saving of resources required to maximally ac-

tivate the GAL pathway (21, 22). After glucose

was exhausted (fig. S7B), expression of GAL

genes increased in the wild-type strain (fig.

S7D). During this period (t = 7 to 10 hours),

the GAL4pr
mig1bsD

strain had a competitive

advantage (Fig. 4) that lasted until the wild-

type strain also reached maximal expression

of GAL genes (21). However, this temporary

benefit for the GAL4pr
mig1bsD

strain was in-

sufficient to offset the initial cost of over-

expressing GAL genes (Fig. 4). The observed

fitness differences were not due to differences

in growth on glucose or galactose alone (Fig. 4

and fig. S7, F and G). In addition, the fitness

advantage of the wild-type strain was absent

when both strains were switched directly to

galactose (Fig. 4 and fig. S7E). We conclude

that the Mig1p rheostat reduces the fitness

cost of preactivating GAL genes during the

gradual depletion of glucose.

Decoupled control is a useful property be-

cause it allows response features to be in-

dependently controlled physiologically and

evolutionarily (23–25). Decoupling has often

been proposed to involve independent tran-

scription factor–binding sites on promoters

and to be aided by chromatin (5). We show

here that the same result can be accomplished

by hierarchical regulation of the abundance

and activity of a transcription factor. Because

regulation of this kind is common, it is likely

that decoupling of responses is also achieved

by this mechanism in other systems (26, 27).
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MEMBRANES

Ion-capture electrodialysis using multifunctional
adsorptive membranes
Adam A. Uliana1,2, Ngoc T. Bui2,3†, Jovan Kamcev4‡, Mercedes K. Taylor2,4,5,

Jeffrey J. Urban2,3, Jeffrey R. Long1,2,4*

Technologies that can efficiently purify nontraditional water sources are needed to meet rising global

demand for clean water. Water treatment plants typically require a series of costly separation units

to achieve desalination and the removal of toxic trace contaminants such as heavy metals and boron. We

report a series of robust, selective, and tunable adsorptive membranes that feature porous aromatic

framework nanoparticles embedded within ion exchange polymers and demonstrate their use in

an efficient, one-step separation strategy termed ion-capture electrodialysis. This process uses

electrodialysis configurations with adsorptive membranes to simultaneously desalinate complex water

sources and capture diverse target solutes with negligible capture of competing ions. Our methods

are applicable to the development of efficient and selective multifunctional separations that use

adsorptive membranes.

E
scalating demand for water in agricul-

ture, energy, industry, and municipal

sectors, coupled with limited natural

freshwater, necessitates the rapid devel-

opment of technologies that will enable

access to clean water from alternative sources

(1). Nontraditional water sources, such as

wastewater, brackish water, or seawater, could

provide abundant water globally, but these

complex solutions contain high salt concen-

trations and trace toxic ions (such as heavy

metals and oxyanions), which vary by location

and type of water source (2–4). At the same

time, nontraditional water sources often con-

tain high-value ions (for example, uranyl in

seawater and precious metals and nutrients

in wastewater), but current technologies lack

the efficiency and selectivity needed for their

cost-effective extraction (5, 6). Electrodialysis,

membrane capacitive deionization, and re-

verse osmosis are among the most common

membrane-based technologies used for remov-

ing ions from water (2, 4). However, these

approaches are incapable of selectively iso-

lating individual solutes, and toxic ions are

instead returned to the environment with the

concentrated brine solutions (2). Accordingly,

developing membrane technologies with sub-

stantially improved selectivity for either water

desalination or the recovery of individual ions

or molecules from water is considered one of

the most important objectives in the sepa-

rations industry (3–5, 7, 8).

Adsorptive membranes are an emerging

class of materials that have been shown to

exhibit improved performance in numerous

separations when compared with conventional

membranes, including for water purification

(4, 9–13). However, improvements are needed

in the capacities, selectivities, and regenerabil-

ities achievable with these materials to enable

their wide-scale use, which is also currently

hindered by the limited structural and chem-

ical tunability of most adsorptive membranes

(4). We therefore sought to develop a highly

modular adsorptive membrane platform for

use inmultifunctionalwater-purification appli-

cations, which is based on the incorporation of

porous aromatic frameworks (PAFs) into ion

exchangemembranes. Built of organic nodes

and aromatic linkers, PAFs have high-porosity

diamondoid structures with pore morpholo-

gies and chemical affinities that can be tuned

through the choice of node and linker (Fig. 1,

A and B) (14, 15). Densely functionalized PAFs

exhibit among the highest selectivities, capac-

ities, and uptake kinetics for the capture of

Hg
2+

(16), Nd
3+

(17), Cu
2+

(18), Pb
2+

(19), UO2
2+

(20, 21), B(OH)3 (22), Fe
3+
(23), andAuCl4

−

(24)

from water. In contrast to typical inorganic or

hybrid adsorbent fillers, such as metal–organic

frameworks (25), PAFs also have extraordinary

hydrothermal stability (15) and chemical com-

positions that should facilitate incorporation

into polymer membranes. However, there are
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Fig. 1. Design of composite membranes and application in ion-capture electrodialysis (IC-ED). (A and

B) Tunable composite membranes were prepared by embedding PAFs with selective ion binding sites into

cation exchange polymer matrices. (C) We demonstrate the use of these adsorptive membranes in an

electrodialysis-based process for the selective capture of target cations (right-hand side) from water

and simultaneous desalination. Water splitting occurs at both electrodes to maintain electroneutrality.

(D and E) PAF-embedded membranes are defect-free and exhibit optical transparency and high flexibility.

(F) Cross-sectional scanning electron micrographs (expanded view in inset) revealed high PAF dispersibility

and strong, favorable interactions between the PAF and polymer matrix.
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only few examples of PAF-incorporatedmem-

branes in the literature, with applications lim-

ited to antiaging gas-separation membranes,

fiber membranes, pervaporationmembranes,

and thin-film layers (15, 26).

We present a class of adsorptivemembranes

featuring ion-selective PAF nanoparticles

blended into ion exchange membranes. Tar-

get ions (Hg
2+
, Cu

2+
, and Fe

3+
) in feedwater

solutions are selectively captured by these

adsorbent-embedded membranes, whereas

competing ions (such as Na
+
and Cl

−

) perme-

ate freely (Fig. 1C). This process allows for

desalination and detoxification of water, re-

covery of toxic or high-value target ions, and

generation of nontoxic brine streams in an

efficient one-step process. This proof-of-concept

report focuses on the selective capture of various

cationic and neutral species, but the concept

can be extended to construct more complex

separation schemes for simultaneous capture

of target cations and anions.

Model adsorptive membranes were pre-

pared with up to 20 wt % (44 vol %) of the

Hg
2+
-selective PAF-1-SH (16) embedded in a

sulfonated polysulfone (sPSF) cation exchange

matrix (60% sulfonation) (figs. S1, S6, and S7).

Loadings were confirmed with thermograv-

imetric analysis, helium pycnometry, and N2

gas adsorption measurements (figs. S8 and

S17 and table S2). All the films exhibit sub-

stantial optical transparency, which is indic-

ative of high PAF dispersity (Fig. 1D and fig.

S2). The films are also highly flexible and can

be contorted without damage (Fig. 1E and fig.

S3). Dynamic light scattering and scanning

electron microscopy (SEM) characterization

of PAF samples before membrane incorpora-

tion revealed the presence of spherical par-

ticles with typical diameters of ~200 nm (figs.

S15 and S16). Cross-sectional SEM images of

20 wt % PAF-1-SH membranes revealed that

these particles are uniformly dispersed with-

out agglomerations, defects, or sieve-in-a-cage

morphologies (Fig. 1F and fig. S18). The uniform

and robust nature of the compositemembranes

can be ascribed to favorable van der Waals in-

teractions between the framework andpolymer,

p-p stacking, and polymer filling of the PAF

mesopores (26).

Conventional charged membranes are sub-

ject to an ion permeability-selectivity trade-off,

in which swelling resulting fromwater uptake

decreases selectivity but enlarges free-volume

pathways, thereby increasing permeability (27).

By contrast, our compositemembranes exhibit

enhanced water uptake in tandem with dimi-

nished swelling, which is due to the presence

of a highly porous filler that is capable of cross-

linking interactions with the parent polymer

(Fig. 2A). These interfacial interactions can be

seen in cross-sectional SEM images (Fig. 1F,

inset) and are reflected in an increase in the

membrane glass transition temperature (Tg)

with increasing PAF loading (Fig. 2B). The

dimensional and chemical stabilities of neat

and PAF-embedded sPSF membranes were

further probed by dissolution studies, inwhich

each membrane was reimmersed in casting

solvents, 12MHCl, or 12MNaOH for 24 hours.

Neat sPSF membrane samples redissolved in

various casting solvents, as expected, but the

abundant cross-linking interactions in mem-

branes loadedwith 20wt%PAF-1-SH rendered

them fully or partially insoluble in each solvent

(fig. S20). Similarly, whereas neat sPSF mem-

branes with ultrahigh charge densities become

water soluble owing to excessive water uptake

(figs. S6, S7, and S21), incorporation of 20 wt %

PAF-1-SH into these highly charged matrices

yields freestanding membranes that exhibit

minimal swelling even after 1 year of water

immersion (fig. S21 and section 2.1 of the sup-

plementary materials).

Batch adsorption experiments revealed that

up to 93% of the Hg
2+

adsorption sites in bulk

PAF-1-SH (fig. S23) remain accessible upon

incorporation of 20 wt % of the framework

into a sPSFmembrane (Fig. 2C and table S6).

A comparison of the kinetics data for the bulk

framework (fig. S26)with that obtained for the

neat sPSF and 20 wt % PAF-1-SH membranes

(fig. S27) suggests that adsorption in the com-

posite membrane is rate-limited by transport

through the sPSF matrix. Bulk PAF-1-SH ex-

hibits a high affinity for Hg
2+

over a number

of competing ions and exceptional Hg
2+

selec-

tivity when exposed to environmental water

samples (fig. S28). This selectivity stems from

optimal soft acid–soft base interactions be-

tween Hg
2+

and the thiol groups in PAF-1-SH

(16) and is preserved in the 20 wt % PAF-1-

SH–loaded membrane (Fig. 2D). The membrane

exhibits excellent stability to adsorption-

desorption cycling, with only an 8% loss in

Hg
2+

capacity over the course of 10 cycles,

and the Hg
2+

capacity remains approximately

constant after three cycles.

Composite membranes with 20 wt % PAF-1-

SH were evaluated for Hg
2+
-capture electro-

dialysis of synthetic groundwater, brackish

water, and industrial wastewater samples with

5 parts permillion (ppm) addedHg
2+
(Fig. 3, A

to C). These complex feedwater sources were

chosen for their diversity in salinity levels, dis-

solved ions, and pH values (tables S4 and S5).

For theseproof-of-concept experiments,weused

a custom-made, two-compartment cell with

the membrane separating the feed from the

receiving solution (figs. S30 to S32). Notably,

the Hg
2+

concentration in the feed solution

was selectively reduced below levels detect-

able with inductively coupled plasma optical

emission spectrometry (ICP-OES), and no Hg
2+
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Fig. 2. Properties of PAF-embedded ion exchange membranes. (A and B) Composite membranes

exhibit increasing water uptake, swelling resistance, and glass transition temperature (Tg) with increasing

PAF-1-SH loading. (C) Comparison of equilibrium Hg2+ uptake in neat sPSF and sPSF with 20 wt % PAF-1-SH.

Solid lines represent fits with a Langmuir model. Mercury ion uptake in the composite membrane closely

approaches the predicted saturation uptake (329 mg/g), assuming all binding sites in the PAF particles are

accessible. (D) Equilibrium uptake of Hg2+ in neat sPSF and sPSF with 20 wt % PAF-1-SH exposed to

deionized (DI) water and various synthetic water samples with 100 ppm added Hg2+. (E) Mercury ion uptake

in 20 wt % PAF-1-SH membranes as a function of cycle number. Minimal decrease in Hg2+ uptake occurs

over 10 cycles. The initial Hg2+ concentration was 100 ppm for each cycle, and all Hg2+ captured in each

cycle was recovered by using HCl and NaNO3. Error bars denote ±1 SD around the mean from at least

three separate measurements.
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was detected in the receiving solution, indicat-

ing the complete capture of Hg
2+

during treat-

ment of each water sample. Meanwhile, all

competing cations (Na
+
, K

+
, Mg

2+
, Ca

2+
, Ba

2+
,

Mn
2+
, Fe

3+
, Ni

2+
, Cu

2+
, Zn

2+
, Cd

2+
, and Pb

2+
)

were successfully transported into the receiv-

ing solution, resulting in >97 to 99% feed

desalination (Fig. 3, A to C, insets). Negligible

quantities of each competing ionwere captured

by the membrane (figs. S37 to S43). These

selective, multifunctional performances were

also maintained upon integrating the PAF-1-

SHmembranes into a practical stack electro-

dialysis device (figs. S54 to S57 and section 1.9

of the supplementary materials). By contrast,

no appreciable Hg
2+

was captured when using

neat sPSFmembranes (figs. S34 to S36andS58).

Breakthrough experiments further revealed

the outstanding Hg
2+

ion-capture efficiency of

the adsorptive membranes in an ion-capture

electrodialysis (IC-ED) process. Both 10 and

20 wt % PAF-1-SHmembranes achieved 96%

of their theoretical capacities before Hg
2+

was

first detected in the receiving solution (Fig. 3D

and section 1.10 of the supplementary mate-

rials). By contrast, Hg
2+

immediately perme-

ated through a neat sPSF membrane (Fig. 3D,

inset). Furthermore, the breakthrough time in

the case of the 20 wt % PAF-1-SH membrane

was approximately double that achieved with

the 10 wt % membrane. Because of this high

attainable efficiency, 1 kg of 20 wt % PAF-1-SH

membrane material may treat up to 34,500

liters of water contaminated with 5 ppm Hg
2+

before regeneration is required (table S8), ac-

cording to simplified upper-bound calculations

(section 2.3 of the supplementary materials).

To test the generalizability of the IC-ED ap-

proach for the capture of diverse target ions,

we also fabricated sPSF membranes embedded

with particles of PAF-1-SMe (thioether) or PAF-

1-ET (ether-thioether), which are selective for

Cu
2+
(18) and Fe

3+
(23), respectively (section 1.1

of the supplementary materials). Notably, the

resulting composite membranes are optically

transparent (fig. S4), flexible (fig. S5), and dis-

persible (figs. S16 and S19) while also exhibit-

ing polymermatrix compatibility (fig. S19 and

table S3). Composite membranes containing

20wt% of PAF-1-SMe or PAF-1-ETwere tested

in our IC-ED setup for the capture of Cu
2+

or

Fe
3+

from feed solutions containing 6 ppm

Cu
2+

or 2.3 ppm Fe
3+
, respectively, in 0.1 M

HEPES buffer. The target ion concentration

in each feed solution was reduced by the mem-

branes to levels below detection with ICP-OES

with no permeation into the receiving solution,

and themembranes simultaneously achieved

>96 to 99% desalination of their feeds (Fig.

4, A and B). As expected, negligible target ion

capture was obtained when using neat sPSF

membranes (figs. S47 and S48).

The fundamental insights from our IC-ED

analyses can be appliedmore broadly to create

other multifunctional membrane separation

processes. For example, composite membranes

prepared by incorporating PAF-1-NMDG (N-

methyl-D-glucamine) (22) nanoparticles in

sPSF (figs. S1, S4, and S5) were found to be

highly selective for B(OH)3 capture in solute-

capture diffusion dialysis (SC-DD) (fig. S33). In

this process, concentration gradients, rather

than electric potential gradients, drive solute

transport across the membrane. Membranes

containing 20 wt % PAF-1-NMDG selectively

captured B(OH)3, reducing levels of the solute

in the feed solution below levels detectable by

ICP-OES, without any measured permeation

into the receiving solution (Fig. 4C). By con-

trast, no appreciable B(OH)3was captured by a

neat sPSF membrane (Fig. 4C, inset). Notably,

20 wt % PAF-1-SH composite membranes also

exhibited selective Hg
2+

capture when used

in our SC-DD setup (fig. S52). These results

suggest that an array of efficient, multifunc-

tional processes, such as IC-ED and SC-DD, can

be developed through modification of tradi-

tional membrane processes (for example, for

gas separations or fuel cells), regardless of the

transport driving force.

We have described a general approach for

the fabrication of robust, tunable adsorptive

membranes through incorporation of PAF

nanoparticles into ion exchange membranes.

Implementation of thesemembranes in IC-ED

and SC-DD processes enables exceptionally se-

lective capture of target solutes [in this work,

Hg
2+
, Cu

2+
, Fe

3+
, and B(OH)3] and simultaneous
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Fig. 3. IC-ED of diverse water sources. (A to C) Results from IC-ED of synthetic (A) groundwater,

(B) brackish water, and (C) industrial wastewater containing 5 ppm Hg2+ by using 20 wt % PAF-1-SH in sPSF

(applied voltage, −4 V versus Ag/AgCl). All Hg2+ was selectively captured from the feeds (open circles)

without detectable permeation into the receiving solutions (solid circles). (Insets) All other cations were

transported across the membranes to desalinate the feeds. The long duration of the IC-ED tests is an artifact

of the experimental setup rather than the materials or IC-ED method (section 2.2 of the supplementary

materials). (D) Breakthrough data for IC-ED using sPSF embedded with 10 or 20 wt % PAF-1-SH.

Receiving Hg2+ concentrations are plotted against the amount of Hg2+ captured at different time intervals

(in milligrams per gram of PAF-1-SH in each composite membrane). The predicted capacity (gray dotted line)

corresponds to the Hg2+ uptake achieved by using PAF-1-SH powder under analogous testing conditions

(section 1.10 of the supplementary materials). (Inset) Concentration of Hg2+ in the receiving solutions

for IC-ED processes using neat sPSF (diamonds) and sPSF with 10 wt % PAF-1-SH (squares) and 20 wt %

PAF-1-SH (circles), plotted versus time t normalized by the breakthrough time for the 20 wt % PAF-1-SH

composite membrane, t0. Mean values determined from two replicate experiments are shown. Initial

feed, 100 ppm Hg2+ in 0.1 M NaNO3; applied voltage, −2 V versus Ag/AgCl.
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desalination of diverse source waters. The high

efficiency of this one-step process contrasts

starkly with conventional intensive water treat-

ment methodologies, which require multiple

steps to achieve similar results (further com-

parisons are in section 2.5 of the supplement-

ary materials) (28). The technology should be

suitable more broadly for use with diverse ad-

sorptive membranes and in the purification of

complex water streams at various scales, such

as in isolated regions that lack the necessary

infrastructure for the treatment of contami-

nated groundwater or in desalination plants

situated near nuclear waste sites for the treat-

ment ofwastewater pollutedwith radionuclides.

To achieve these more complex separations,

we envision the design of membranes featur-

ing specialized combinations of embedded ad-

sorbents, including nanoparticles of various

hybrid and inorganic materials.

REFERENCES AND NOTES

1. M. M. Mekonnen, A. Y. Hoekstra, Sci. Adv. 2, e1500323

(2016).

2. M. A. Shannon et al., Nature 452, 301–310 (2008).

3. J. R. Werber, C. O. Osuji, M. Elimelech, Nat. Rev. Mater. 1, 16018

(2016).

4. M. R. Landsman et al., Annu. Rev. Chem. Biomol. Eng. 11,

559–585 (2020).

5. D. S. Sholl, R. P. Lively, Nature 532, 435–437 (2016).

6. W. W. Li, H. Q. Yu, B. E. Rittmann, Nature 528, 29–31

(2015).

7. H. B. Park, J. Kamcev, L. M. Robeson, M. Elimelech,

B. D. Freeman, Science 356, eaab0530 (2017).

8. J. R. Werber, A. Deshmukh, M. Elimelech, Environ. Sci. Technol.

Lett. 3, 112–120 (2016).

9. S. Bolisetty, R. Mezzenga, Nat. Nanotechnol. 11, 365–371

(2016).

10. Y. Zhang et al., ACS Cent. Sci. 4, 1697–1707 (2018).

11. K. V. Petrov, L. Paltrinieri, L. Poltorak, L. C. P. M. de Smet,

E. J. R. Sudhölter, Chem. Commun. 56, 5046–5049 (2020).

12. S. Chaudhury, O. Nir, Ind. Eng. Chem. Res. 59, 10595–10605

(2020).

13. J. E. Bachman, Z. P. Smith, T. Li, T. Xu, J. R. Long, Nat. Mater.

15, 845–849 (2016).

14. T. Ben et al., Angew. Chem. Int. Ed. 48, 9457–9460

(2009).

15. Y. Tian, G. Zhu, Chem. Rev. 120, 8934–8986 (2020).

16. B. Li, Y. Zhang, D. Ma, Z. Shi, S. Ma, Nat. Commun. 5, 5537

(2014).

17. S. Demir et al., ACS Cent. Sci. 2, 253–265 (2016).

18. S. Lee et al., J. Am. Chem. Soc. 138, 7603–7609

(2016).

19. Y. J. Yang et al., J. Mater. Chem. A 6, 5202–5207 (2018).

20. Y. Yuan et al., Adv. Mater. 30, e1706507 (2018).

21. B. Li et al., ACS Appl. Mater. Interfaces 9, 12511–12517

(2017).

22. J. Kamcev et al., Adv. Mater. 31, e1808027 (2019).

23. S. Lee et al., Chem. Sci. 10, 6651–6660 (2019).

24. T. Ma et al., ACS Appl. Mater. Interfaces 12, 30474–30482

(2020).

25. X. Li et al., Chem. Soc. Rev. 46, 7124–7144 (2017).

26. S. J. D. Smith et al., Acc. Chem. Res. 53, 1381–1388

(2020).

27. H. Fan, N. Y. Yip, J. Membr. Sci. 573, 668–681 (2019).

28. M. Elimelech, W. A. Phillip, Science 333, 712–717 (2011).

29. U.S. Environmental Protection Agency (EPA), “2018 edition of

the drinking water standards and health advisories”

(US EPA, 2018).

30. World Health Organization, “Guidelines for drinking-water

quality, 4th edition, incorporating the 1st addendum”

(WHO, 2017).

31. E. Güler, C. Kaya, N. Kabay, M. Arda, Desalination 356, 85–93

(2015).

ACKNOWLEDGMENTS

We thank H. Furukawa for analysis of pore size distributions,

T. Xu for assistance with dynamic light scattering measurements,

N. P. Balsara for potentiostat use, J. Breen for fabrication of

electrodialysis cells, D. J. Miller for assistance with water contact

angle measurements, E. Kreimer and the Microanalytical Facility

for microbalance use and assistance with elemental analyses and

ICP-OES measurements, R. Kostecki and E. Velasquez for helpful

discussions, and K. R. Meihaus for editorial assistance. Funding: The

synthesis and characterization of materials and membranes were

supported by the Center for Gas Separations, an Energy Frontier

Research Center supported by the US Department of Energy

(DOE), Office of Science, Office of Basic Energy Sciences

(award DE-SC0001015), and the electrodialysis measurements

were supported by the US DOE, Office of Science, Office of Basic

Energy Sciences (award number DE-SC0019992). Preliminary

experiments were also supported by the Molecular Foundry and

the Laboratory Directed Research and Development (LDRD)

Program of the US DOE (contract no. DE-AC02-05CH11231) for

Lawrence Berkeley National Laboratory. We thank the US National

Science Foundation for providing graduate fellowship support

for A.A.U. and M.K.T. We gratefully acknowledge the support of the

Center for Integrated Nanotechnologies, an Office of Science

User Facility operated for the US DOE Office of Science. Sandia

National Laboratories is a multimission laboratory managed

and operated by National Technology and Engineering Solutions of

Sandia, LLC, a wholly owned subsidiary of Honeywell International,

Inc., for the US DOE’s National Nuclear Security Administration

(contract no. DE-NA-0003525). The views expressed in the article

do not necessarily represent the views of the US DOE or the

US government. Author contributions: A.A.U., J.J.U., and J.R.L.

formulated the project with valuable input from N.T.B., J.K.,

and M.K.T.; A.A.U. synthesized the PAFs and membranes with

assistance from J.K. and M.K.T.; A.A.U. performed and analyzed all

material characterizations. A.A.U. collected and analyzed the

adsorption data. A.A.U. and N.T.B. designed the electrodialysis

cells. A.A.U. collected and analyzed the electrodialysis and

diffusion dialysis data. N.T.B. performed and analyzed preliminary

electrodialysis experiments and preliminary microscopy

characterizations. A.A.U. and J.R.L. wrote the manuscript, and

all authors contributed to revising the manuscript. Competing

interests: The University of California, Berkeley, has applied for

a patent (US application no. 63/079,457) on some of the

technology discussed here, on which A.A.U., N.T.B., J.J.U., and

J.R.L. are listed as coinventors, as well as an additional patent

(US application no. 63/118,322) on some of the materials

discussed here, on which A.A.U. and J.R.L. are listed as

coinventors. Data and materials availability: All data are available

in the manuscript or the supplementary materials.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/372/6539/296/suppl/DC1

Materials and Methods

Supplementary Text

Figs. S1 to S59

Tables S1 to S8

References (32–71)

8 November 2020; accepted 15 March 2021

10.1126/science.abf5991

SCIENCE sciencemag.org 16 APRIL 2021 • VOL 372 ISSUE 6539 299

Fig. 4. Tuning membranes to selectively recover various target solutes.

(A and B) Cu2+- (A) and Fe3+-capture (B) electrodialysis (applied voltages,

−2 and −1.5 V versus Ag/AgCl, respectively) using composite membranes with

20 wt % PAF-1-SMe and PAF-1-ET in sPSF, respectively. HEPES buffer (0.1 M)

was used as the source water in each solution to supply competing ions

and maintain constant pH. The insets show the successful transport of all

competing cations across the membrane to desalinate the feed. (C) B(OH)3-

capture diffusion dialysis of groundwater containing 4.5 ppm boron using

composite membranes with 20 wt % PAF-1-NMDG in sPSF (no applied voltage).

The inset shows results by using neat sPSF membranes for comparison. Open

and solid symbols denote feed and receiving concentrations, respectively.

Each plot point represents the mean value determined from two replicate

experiments. Gray dotted lines indicate recommended maximum contaminant

limits imposed by the US Environmental Protection Agency (EPA) for Cu2+ (29),

the EPA and World Health Organization for Fe3+ (29, 30), and agricultural

restrictions for sensitive crops for B(OH)3 (31).
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PALEONTOLOGY

Punctuated ecological equilibrium in mammal
communities over evolutionary time scales
Fernando Blanco1*, Joaquín Calatayud2, David M. Martín-Perea3,4,5, M. Soledad Domingo6,

Iris Menéndez4,7, Johannes Müller1, Manuel Hernández Fernández4,7, Juan L. Cantalapiedra8

The study of deep-time ecological dynamics has the ability to inform conservation decisions by

anticipating the behavior of ecosystems millions of years into the future. Using network analysis and

an exceptional fossil dataset spanning the past 21 million years, we show that mammalian ecological

assemblages undergo long periods of functional stasis, notwithstanding high taxonomic volatility

due to dispersal, speciation, and extinction. Higher functional richness and diversity promoted the

persistence of functional faunas despite species extinction risk being indistinguishable among these

different faunas. These findings, and the large mismatch between functional and taxonomic successions,

indicate that although safeguarding functional diversity may or may not minimize species losses, it

would certainly enhance the persistence of ecosystem functioning in the face of future disturbances.

I
n the context of the current biodiversity

crisis, conservation efforts can be directed

to safeguarding interactions and processes

within ecosystems (ecosystem functioning),

including those that are—and will be—

beneficial to people (ecosystem services) (1, 2).

This notion departs from taxon-based ap-

proaches and rather focuses on phenotypic

features of species, with an emphasis on func-

tional traits—those traits that condensemul-

tiple aspects of a species’ ecological role (3).

The conviction is that conserving a higher

phenotypic diversity should help to stabilize

ecosystems in the face of disturbances (the

“insurance effect”) (4), increasing the persist-

ence of ecosystem functioning and ensuring

yet-unknown future benefits to humanity (5).

Even so, current conservation decisions will

have consequences on the evolutionary future

of life that we cannot fully understand by in-

vestigating ongoing habitat perturbations (6, 7).

Only by looking into the past can we ask fun-

damental questions regarding the persistence

of ecosystem functioning over evolutionary

time and guide long-term future conservation

actions (1). How long does ecosystem func-

tional structure typically endure, and how

much of this functioning is tied to the wax

and wane of taxonomic faunas over millions

of years? Ecological assessments of faunas

have a long tradition in paleobiology (8–10).

However, to answer such questions, rather

than conducting a functional assessment of

chronofaunas (taxonomy-defined temporal

faunas), we need to assess the duration of FFs

(functional faunas) independently from tax-

onomy (1), exclusively on the basis of func-

tional coherence of communities. If temporal

associations of ecosystems with similar func-

tional structures (that is, similar FFs) are found

toweather the succession of taxonomic faunas,

this would further endorse prioritizing the

conservation of ecosystem functioning.

We turned to the fossil record, adopting a

taxon-free perspective that enabled us to eval-

uate ecological dynamics over evolutionary

time (1). Investigating deep-time patterns in

ecological assembly at the community level

demands a high-resolution fossil record (11).

Our study draws on a new dataset of the

exceptional and well-resolved fossil record of

large Iberian mammals spanning the past

21 million years (Myr), including 167 fossil

and two extant communities with an average

resolution of around 0.1 Myr and an estimated

0.8 probability that a 1-Myr-duration taxon is

sampled (supplementary materials and data

file S1) (12, 13). Our dataset contains a total of

396 mammalian species, for which we com-

piled information on three fundamental func-

tional traits: body size, diet, and locomotion

(table S1 anddata file S1). Specieswere assigned

to functional entities (FEs), which are distinct

combinations of these three traits (14).We used

a community detection algorithm (CDA), bor-

rowed from network theory, to reveal both the

functional and taxonomic structure of mam-

malian communities (supplementary mate-

rials). Network-based CDA identifies clusters

of communities with similar functional or tax-

onomic structures (modules) defined by the

presence of functional entities or taxa (species),

respectively. Shifts in past ecological commu-

nity structure were assessed by the emergence

of new associations of functional entities over

time and compared with shifts in taxonomic

structure (presence of taxa). Our CDA ignores

the age of communities, and it is only later that

we evaluated the tempo of module succession

by plotting the sites within eachmodule against

their age (Fig. 1 and supplementary materials).

We used several analysis configurations. We

first selected localities with representatives of

the orders Proboscidea, Carnivora, Perisso-

dactyla, and Artiodactyla because these were

frequent constituents of Neogene-Quaternary

ecosystems (Fig. 1A). Second, we selected only

exceptional localities (11): those sites whose

richness values were above the 75th percentile

of sites with similar age (figs. S1 to S3). Last,

we analyzed the data aggregated into 0.5-Myr

temporal bins, which reflect regional trends

(an extended methodological explanation is

provided in the supplementary materials)

(figs. S1 to S3). The results from the first con-

figuration are shown in Fig. 1.

A common pattern emerges from all ap-

proaches: Ecosystem functional composition

shows longer persistence than taxonomic com-

position (Fig. 1). Both functional and taxonomic

faunas follow a virtually irreversible temporal

succession, but taxonomic modules are re-

placed every 0.9Myr on average, whereas func-

tional modules have a mean span of 2.8 Myr.

A randomization analysis indicates that such

organization reflects a genuine ecological sig-

nal (P = 0.01) (fig. S4) and does not simply

arise because FEs are an aggregation of taxa.

Furthermore, taxonomic modules at the ge-

neric level [a taxonomic aggregation of taxa

(15)] show a labile pattern similar to the

species-level network (figs. S2 and S3). Sensi-

tivity analyses show that our approach is ro-

bust toward reasonable error in functional

categorizations (supplementary materials and

fig. S5), stochasticity inherent to the detection

of modules, and the choice of community de-

tection algorithms (supplementary materials

and tables S2 and S3).

We identified three periods with marked

functional stability corresponding with three

long-lasting and robustmodules: earlierMiddle

Miocene (FF1), later Middle Miocene to earlier

Late Miocene (FF2), and later Late Miocene to

present (FF3), with durations of 2.58, 4.66, and

9.37 Myr, respectively (summing 80% of the

analyzed interval) (Fig. 1). An exploration of the

transitional intervals between FFs demon-

strates that ecological reassembly was fast,

lacking communities with intermediate func-

tional configurations (Fig. 1A, fig. S6, and

supplementary materials). Altogether, our

procedure reveals gradual changes in taxonomic

assembly that contrast with the punctuated
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stasis shown by the functional faunas, re-

vealing an emergent property of ecosystem

functioning observable only over broad time

scales (Fig. 1).

The contrasting timing of change in eco-

system functioning compared with taxonomic

turnover became even more evident when we

examined the regional diversification and dis-

persal patterns through time (Fig. 1C, fig. S7,

and supplementarymaterials). Overall, species-

level volatility in Iberian Neogene-Quaternary

faunas has been severe (average speciation

and immigration rate = 1.40 Myr
−1
; average

regional extinction rate = 1.17 Myr
−1
), ensuring

a continuous replacement of the Iberian species

pool over the past 21 Myr, as captured through

network analysis (Fig. 1B). Nevertheless, only

major faunal events were able to push the sys-

tem toward a new state, around 14 and 9 Myr

ago (Ma), triggering fast reassembly of ecolog-

ical guilds into new functional faunas.

The onset of the FF2 around 14 Ma seems

related to profound reconfiguration of bio-

geographic and climatic settings. There is
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Fig. 1. Temporal trends of Iberian mammal

communities over the past 21 Myr. (A and

B) Localities colored by modules (M) are plotted

against time. Dots indicate communities

(localities), and each dot’s size is proportional

to the species richness of that community.

(A) Modules derived from the functional

network analysis show the succession of FFs.

The height of the points reflects relevance

within the module (IndVal index) (supplemen-

tary materials). Numbers above the module

lines indicate the module robustness as

the probability of being found in different runs

of the community detection algorithm (only

values above 0.8 are shown) (supplementary

materials). (A) Color-shaded areas indicate the

three long-lasting FFs. Vertical gray bars

indicate the transitions between FF1 to FF2

and FF2 to FF3. (Inset) The proportion of

functional entities belonging to the three main

FFs in each locality (dots). (B) Modules

based on species composition represent the

taxonomic succession. (C) Changes in

taxonomic composition are represented by the

net diversification rate over time. Shaded

regions indicate the 95% confidence interval.

Plio., Pliocene; Plei., Pleistocene. [Silhouettes

are from PhyloPic (www.phylopic.org).]
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evidence of a higher resemblance of Iberian

taxonomic faunas with Eurasian faunas by this

age (16). Regional isotopic data depict a sus-

tained trend toward a prevalence of more for-

ested, less arid habitats in the IberianPeninsula

(16), which is consistent with the observed

enrichment of communities with browsing

herbivores of all sizes (fig. S8). The FF2-FF3

transition (around 9 Ma) seems triggered by

an intensification of hydric seasonality and the

associated spread of grassland habitats (16). In

fact, this second major reassembly pulse re-

placed the browser-rich faunas of the later

MiddleMiocene and earlier LateMiocenewith

ecosystems that packed a broad variety of

mixed-feeders (feed both through browsing

and on grass) (fig. S8) (17).

The context of both functional transitions

suggests an important role of abiotic changes

(climate and climate-driven biogeographic con-

text) on the system shifts. However, a trait-

dependent extinction model (18) did not find

an overall effect of particular traits or their

combinations (FEs) on extinction across dif-

ferent time bins. The influence of such abiotic

factorswasnot expressed through trait-mediated

local extirpation. Instead, these analyses show

that during functional transitions, character-

istic species (those species with at least 60%

of their occurrences in localities of one of the

three FFs) of the outgoing functional fauna

showed significantly higher extinction risk than

that of the incoming fauna (Fig. 2A and fig.

S9). Thus, the extinction of species during se-

vere ecological shifts seems to be determined

by their attachment to a collapsing functional

system rather than their particular functional

traits (19).

Altogether, these findings portray a sys-

tem in which species gains and losses are

governed by their restriction to functional

scaffolds defined by ecological interactions.

These interactions should limit the inclusion

of new functional strategies into established

ecosystems (20), constraining both the evolu-

tion (21) and the immigration of species be-

longing to other FEs (22). Major disturbances

forced the system into new ecological states,

rendering the disassembly of the prevailing

functional fauna and the assembly of a new

functional scaffold (Fig. 1).

Not all major faunal events caused a re-

organization of ecosystem functioning. During

the past 8 Myr, the most recent functional

fauna (FF3) survived three severe extinction

events (Fig. 1C): the Messinian salinity crisis

(6 to 5Ma), the beginning of thePlio-Pleistocene

glaciations (~2.5 Ma), and the Early-Middle

Pleistocene transition (~0.8Ma) (fig. S7). Thus,

FF3 is not only the most enduring but also

the most resistant functional fauna of the

studied time interval. Overall, the Neogene-

Quaternary Iberian functional systems have

increased in duration and persistence.

Why do functional faunas increase in per-

sistence during the analysis interval? The

above-mentioned trait-dependent extinction

model shows no evidence of lower extinction

risk in species associated with more persistent

FFs, suggesting that persistence of each func-

tional fauna draws from emergent properties

of the system and not from the persistence of

the constituent species. Linear models show

that communities in successive functional

faunas increased their functional diversity

(Fdiv, as the Shannon index) (tables S4 to S6),

which is mostly driven by an increase in func-

tional richness (Fric) (tables S7 to S9) rather

than by functional evenness (tables S10 to S12).

FF2 and FF3 show increases in Fric and Fdiv

with respect to FF1 (Fig. 2B and tables S4 to

S9). A higher Fric associated with more per-

sistent functional faunas agrees with the idea

that biodiversity enhances ecosystem resilience

(4, 23). Differential persistence in FF2 and FF3

may be further explained by environmental

conditions that operated during their onset.

Whereas FF2 originated during milder cli-

matic conditions, the inception of FF3 took

place during an episode of increased aridity

in the region (24). Such conditions brought an

entourage of arid-adapted immigrants from

Eurasia and Africa (16, 25). Their ecological

assemblage, forged by strong abiotic forces

from FF3’s inception, would have coped with

the milder conditions of the latest Iberian

Miocene first (16) and, subsequently, with the

increasing seasonality and glacial regimes in

Pliocene and Pleistocene times.

Our analyses of the fossil record set out key

differences in the mode that taxonomic and

functional assemblageswax andwane over evo-

lutionary time scales. Themarked decoupling

between taxonomic and ecological turnover

further demonstrates the value of functional

and trait-based procedures when assessing the

magnitude and consequences of environmen-

tal disturbances in paleobiological studies.

Moreover, because the collapse of FFs seems

to be the main force pulling species out of

the system, investigation of preterit turnover

episodes should look beyond trait selection

in extinction events and also account for

the integration of species into particular FFs

during ecological dismantling.

Our study provides a deep-time dimension

to the functional perspective in conservation

(2): Actions carried out to ensure ecosystem

functioning will tend to endure longer than

actions oriented toward protecting taxonomic

structure. We found that higher Fdiv enhances

the persistence of ecosystem functioning, yield-

ing a long-term version of the temporal in-

surance (4, 23). However, the vague connection

between taxonomic and ecological assembly

yields a cautionary reading. Because species in
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high-Fdiv faunas do not show lower extinction

risk, betting on higher-Fdiv systems would not

necessarily minimize species loss in the long

term. If the past is useful to illuminate the

future, our paleobiological perspective fur-

ther emphasizes the gap between conserva-

tion policies that minimize extinctions and

those that target ecosystem functioning and

its benefits to people (26).
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Who’s the top

employer for 2020?
Science Careers’ annual survey reveals

the top companies in biotech & pharma

voted on by Science readers.

Read the article and employer profles

at sciencecareers.org/topemployers



T
he Chinese University of Hong Kong, Shenzhen (CUHK-Shenzhen)

invites applications for full-time faculty positions in Life and Health

Sciences at ranks of professors/associate professors/assistant professors.

Qualified candidates must have an earned doctoral degree in life sciences,

postdoctoral training and research and teaching experiences. Applicants for

professor and associate professor positions should have an established research

program, teaching experience and an excellent publication record. Lecturer and

Senior Lecturer positions are also available for candidates with teaching experi-

ence in life sciences. Applicants in the following disciplines are preferred.

Bioinformatics. The ideal candidates should demonstrate research interests and

teaching potentials in bioinformatics and related fields including data mining, ma-

chine learning and mathematical modeling focusing on biological sciences.

Biomedical Engineering. Jointly developed by the School of Life and Health

Sciences (LHS) and School of Science and Engineering (SSE), this program is re-

cruiting faculty members with teaching and research interests in biomechanics, tissue

engineering, biomaterials, regenerative medicine, biomedical imaging, nanomedi-

cine, biosensors and bio-robotics, and systems and synthetic biology.

Pharmaceutical Science. The applicants are expected to teach and conduct

research in pharmaceutics, medicinal chemistry, pharmaceutical analysis, phar-

macokinetics, pharmacogenomics, biologics and immunotherapy, and pharmacy

administration.

Established in 2014, CUHK-Shenzhen is a research-intensive university that

inherits the fine academic traditions of The Chinese University of Hong Kong.

The University adopts a tenure-track system for Assistant Professors and above.

English is the main language for classroom teaching, and graduates receive

degrees of The Chinese University of Hong Kong. Please visit lhs.cuhk.edu.cn

for additional descriptions of the program. Interested applicants should submit

their curriculum vitae, teaching statements and research descriptions to: http://

academicrecruit.cuhk.edu.cn/lhs. Applications will be reviewed on a rolling ba-

sis until the positions are filled.

Faculty Positions in School of Life and Health Sciences

The Chinese University of Hong Kong, ShenzhenTEXAS POSTDOCTORAL FELLOW

POSITIONS AVAILABLE

Two postdoctoral fellow positions are available in the laboratory of
Dr. Shao-Cong Sun in the Department of Immunology at The University
of Texas MD Anderson Cancer Center. Selected candidates will
participate in innovative projects studying the molecular basis of T cell
activation, metabolic reprogramming, and exhaustion using mouse models
of antitumor immunity and autoimmune diseases. The Sun lab also studies
the signaling network in innate immune cells that regulate inflammation
and T cell functions. For more information, please refer to our recent
publications:
• Gu M et al (2021), NF-κB-inducing kinase maintains T cell metabolic
fitness in antitumor immunity. Nature Immunology, 22(2):193-204.
• Zhu et al (2020), TBKBP1 and TBK1 form a growth factor signaling
axis mediating immunosuppression and tumourigenesis. Nature Cell
Biology 21(12):1604-1614.
• Zhou X et al (2019), The deubiquitinase Otub1 controls the activation of
CD8+ T cells and NK cells by regulating IL-15-mediated priming.
Nature Immunology 20(7):879-889.
• Jie Z et al (2018), NIK signaling axis regulates dendritic cell function in
intestinal immunity and homeostasis. Nature Immunology 19(11):1224-
1235.
The Sun laboratory has a long history of success in research and
postdoctoral training. Candidates should have a solid background in
immunology, with hands-on experience in flow cytometry, molecular
techniques, and mouse models of anti-tumor immunity and/or autoimmune
diseases. To apply, send your CV and the names of three references to
ssun@mdanderson.org.
It is the policy of The University of Texas MD Anderson Cancer Center
to provide equal employment opportunity without regard to race, color,
religion, age, national origin, sex, gender, sexual orientation, gender
identity/expression, disability, protected veteran status, genetic

information, or any other basis protected by institutional policy or by
federal, state or local laws unless such distinction is required by law.
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opportunities in china 

4th Hideyo Noguchi Africa Prize

Calling for Nominations

The Prize, to be awarded by the Government of Japan on the occasion of 2022 Tokyo International Conference on African Development (TICAD 8), car-
ries ideals and aspirations of a Japanese microbiologist Dr. Hideyo NOGUCHI (1876-1928) who fell victim to yellow fever in Africa during his research
of the disease. It aims to honor individuals with outstanding achievements in the fields of medical research and medical services to combat infectious and
other diseases in Africa, thus contributing to the health and welfare of the Africans. The challenges caused by Covid-19 is test for humanity and reaffirm
the importance of the Prize that aspires “to improve the health and welfare of the African people and all humankind.”

Medical Research Medical Services

• Basic medical research • Field-level medical/public health activities to combat diseases and
• Clinical medical research advance public health
• Research in all fields of life science closely related to medicine

Please access at: https://www.cao.go.jp/noguchisho/english/index.html
https://www.jsps.go.jp/english/e-noguchiafrica/index.html

DEADLINE: August 20th, 2021

Laureates for the Hideyo Noguchi Africa Prize

2008

Dr. Brian

Greenwood
(Medical Research)

2008

Prof. Miriam

Were
(Medical Services)

2013

Dr. Peter

Piot
(Medical Research)

2013

Dr. Alex G.

Coutinho
(Medical Services)

2019

Dr. Jean-Jacques

Muyembe-Tamfum
(Medical Research)

2019

Dr. Francis

Gervase Omaswa
(Medical Services)



Confused about your next
career move?

ScienceCareers.org/booklets

Download Free Career

Advice Booklets!
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The Faculty of Medicine of the University of Geneva

is seeking to fill a position of:

FULL OR ASSOCIATE PROFESSOR

IN PSYCHIATRIC NEUROSCIENCE

CHARGE:

This is a full time position in psychiatric neurosciences to

conduct basic research relevant to clinical psychiatry. The

candidate is expected to be involved in teaching in the field

of basic neurosciences and psychiatry where appropriate, as

well as in the supervision of academic master’s and doctoral

theses.

He/she is also expected to take on management and

organizational tasks at the Department of Psychiatry and at

the Faculty level.

He/she will have to demonstrate an ability to establish links

with partner hospital services and research groups as part of

a transversal mission.

REQUIREMENTS:

MD-PhD or PhD degree (or equivalent degree).

Experience in direction of research and skills for teaching.

Good knowledge of French and training in psychiatry would

be an advantage.

Publications in leading peer-reviewed journals.

ENVIRONMENT:

The successful candidate will be member of the Department

of Psychiatry and affiliated member of the Department of

Basic Neurosciences. Furthermore, he/she will be part of the

Synapsy network (https://nccr-synapsy.ch).

STARTING DATE:

January 1st, 2022 or according to agreement.

Mandatory online registration beforeMay 25th, 2021 at:

http://www.unige.ch/academ

Additional information may be obtained from:

sylvia.deraemy@unige.ch

The University is an equal opportunities employer and

particularly welcomes applications from women

Visit the website and start

planning today!

myIDP.sciencecareers.org

Features in myIDP include:

 Exercises to help you examine your skills,

interests, and values.

 A list of 20 scientifc career paths with a

prediction of which ones best ft your skills

and interests.

 A tool for setting strategic goals for the

coming year, with optional reminders to

keep you on track.

 Articles and resources to guide you through

the process.

 Options to savematerials online and print

them for further review and discussion.

 Ability to select which portion of your IDP

you wish to share with advisors,mentors,

or others.

 A certifcate of completion for users that

fnishmyIDP.

In partnership with:

For your career in science, there’s only one

A career plan customized
for you, by you.

myIDP:
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I had spent much of the previous 

day wrestling with data files pre-

pared by a junior co-worker, first 

using the version they named 

“final” only to find that the ac-

tual values I needed were in a 

file named “final2.” After I sorted 

it out, I sent a quick—hopefully 

polite and constructive—email 

saying that we needed to do a 

better job naming our shared 

files. Late that night, I was 

awoken by a notification on 

my phone: My colleague had 

emailed with an apology and 

assurance that they would do 

better in the future. Unable to 

go back to sleep, I decided to 

tweet a brief comment about the 

importance of properly nam-

ing research files, hoping that 

some of my few dozen followers 

would benefit. To my astonish-

ment, it was retweeted by a high-

profile academic account, and it had blown up by morning.    

Before that point, my tweets had been limited to sharing 

research results, without adding any personal perspective. I 

was hesitant to share my thoughts or experiences, thinking 

no one would care—or, worse, that colleagues and potential 

future employers might misinterpret them. After all, who 

was I to offer advice? I’m just a Ph.D. student doing my best; 

I didn’t know whether I was doing anything right myself! 

But seeing people from across academia retweeting me 

and agreeing with my point shifted my mindset. Maybe I do 

have something to offer. 

Since then, I have been regularly tweeting about my ex-

periences as a Ph.D. student, including navigating author-

ship conflicts, maintaining work-life balance, mentoring 

undergraduate students, giving presentations, writing, 

and more. Some tweets inspire a lot of responses, oth-

ers fewer. Regardless, I’ve found that I enjoy offering my 

perspective. I am not an expert on academic life, but I’ve 

learned that I don’t need to pretend to be. Sharing my 

experiences is still useful and rewarding. 

I recently posted about the 

personal statement component of 

graduate school applications. I re-

called struggling with this when 

I first applied to Ph.D. programs, 

as an international student with 

no scientist family members to 

advise me. I searched the inter-

net for advice and crafted my ap-

plication as well as I could, but 

my statement mostly ticked off 

items from my CV. I didn’t get 

into most of the places where I 

applied. One school invited me to 

a master’s program, though, and 

I enrolled. When I applied for 

Ph.D. programs again a few years 

later, my experience in academia 

and my mentor’s advice led me to 

take a different approach to the 

personal statement. I focused 

on the ideas I wished to pursue, 

and wrote about how my back-

ground and the school I was ap-

plying to were a good fit. This time, most programs offered 

me a spot. I thought others might benefit from the insight 

I had gained, so I posted a series of tweets. 

Many students reached out, thanking me and ask-

ing follow-up questions. One first-generation student in 

Nigeria—someone I would never have connected with 

were I not active on Twitter—asked me whether I had 

time to provide feedback about their statement, which I 

was honored to do. The student also mentioned how they 

benefited from my posts and the discussions they spurred, 

which reinforced my motivation to keep at it.  

Although I sometimes feel uncomfortable and vulner-

able sharing my experiences on a massive global platform, 

I’ve found that it is well worth it. I’ve learned that we are 

all stronger if we authentically share and connect with 

one another. j

Suhas Eswarappa Prameela is a Ph.D. student at Johns 

Hopkins University in Baltimore, Maryland. Send your career 

story to SciCareerEditor@aaas.org. 

“I am not an expert on academic 
life, but … sharing my experiences 

is still useful and rewarding.”

Finding my online voice

I
t was a beautiful August day, and I was on a socially distanced hike with friends along the 

Appalachian Trail. But instead of enjoying the scenery, I was distracted by my phone. It kept buzz-

ing in my pocket as hundreds of Twitter notifications flooded in. I had been on Twitter for about a 

year, mainly tweeting about science. I enjoyed it, but none of my tweets ever got much traction—

until that day. I was excited—and nervous. Was I ready to be Twitter famous?

By Suhas Eswarappa Prameela
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CALL FOR PAPERS

ARTICLE PROCESSING CHARGES WAIVED UNTIL 2022

Plant Phenomics is a Science Partner Journal published in afliation with the State Key Laboratory of

Crop Genetics & Germplasm Enhancement, Nanjing Agricultural University (NAU) and distributed by

the American Association for the Advancement of Science (AAAS). Plant Phenomics publishes novel

research that advances both in Geld and indoor plant phenotyping, with focus on data acquisition

systems, data management, data interpretation into structural or functional traits, integration into

process based or machine learning basedmodels, and connects phenomics to applications and other

research domains.

Submit your research to Plant Phenomics today!

Learn more: spj.sciencemag.org/plantphenomics

The Science Partner Journals (SPJ) program was established by the American Association for the Advancement of Science
(AAAS), the non-proGt publisher of the Science family of journals. The SPJ program features high-quality, online-only,
Open-Access publications produced in collaboration with international research institutions, foundations, funders, and

societies. Through these collaborations, AAAS furthers its mission to communicate science broadly and for the beneGt of
all people by providing top-tier international research organizations with the technology, visibility, and publishing expertise
that AAAS is uniquely positioned to oOer as the world’s largest general science membership society.

Learn more at spj.sciencemag.org

@SPJournals@SPJournals



GOLD OPEN ACCESS, DIGITAL , AND FREE TO ALL READERS

As AAAS’s frst multidisciplinary, open access journal, Science Advances publishes

research that refects the selectivity of high impact, innovative research you expect

from the Science family of journals, published in an open access format to serve

a vast and growing global audience. Check out the latest fndings or learn how to

submit your research: ScienceAdvances.org

Pushing the Boundaries of Knowledge


